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ABSTRACT
Multichannel deep seismic reflection data across a 
passive continental margin in the northern Gulf of Mexico 
have been acquired, processed, and interpreted together 
with three-dimensional gravity modeling. The central Gulf 
basin is structurally asymmetric from north to south. The 
northern Gulf is underlain by a 8 to 16 km thickness of 
sedimentary rocks, siginificantly greater than the southern 
Gulf. The top of continental crust occurs at a depth of 
about 8 km beneath the upper Mississippi-Alabama 
continental shelf and is characterized by horst and graben 
structures. The top of oceanic crust occurs at a depth of 
about 12 km below sea level in the deep Gulf of Mexico.
The oceanic crust-transitional crust boundary is 
interpreted around 27° 16' N latitude in the profile.
The seismic section of continental shelf and continental 
slope shows four distinct shelf edges; Jurassic, early 
Cretaceous, mid-Oligocene, and present. Sequence 
stratigraphic study defines ten seismic sequences since the 
time of opening of the Gulf of Mexico. The correlation of 
the sequence boundaries defined in the circum-Gulf region 
indicates that unconformities with mid-Miocene (10.5 Ma), 
mid-Oligocene (30 Ma), and mid-Cretaceous (97 Ma) , and at 
the top of the Jurassic (131 Ma) are commonly found as 
major regional unconformities. The depositional history of 
this part of the northern Gulf margin can be divided into 
three main depositional periods: (1) shallow marine
xv
deposition from the opening of the Gulf to mid-Cretaceous 
time, (2) deep marine deposition from Cretaceous to mid- 
Oligocene, and a return to (3) shallow marine deposition 
since the mid-Oligocene. The depositional history 
indicates that characterization of the northern Gulf of 
Mexico continental margin as a terrigenous sediment wedge 
province was initiated in late Cretaceous time.
Comparison of the location of the seismically defined 
oceanic crust - transitional crust boundary and the 
location of steep gravity gradients in the central Gulf of 
Mexico suggests the existence of outer marginal highs, 20 
to 50 km wide. This observation constrains the northern 
limit of the oceanic crust to 20 - 50 km south of the steep 
gravity gradient belt in the north-central Gulf to the west 





The northern Gulf of Mexico and the adjacent Gulf Coastal 
Plain is underlain by a passive continental margin basin 
formed by a period of continental rifting and seafloor 
spreading in early Mesozoic. Morphologically, the margin 
consists of many Atlantic-type features; a broad and flat 
coastal plain, continental shelf, continental slope, and 
continental rise. The carbonate platform margin to the east 
and the triangular-shaped Mississippi delta characterize the 
study area. Internally, the continental margin is composed 
of thick sedimentary rocks of Mesozoic and Cenozoic time and 
the sedimentary section has been deformed by salt tectonics, 
growth faults, and shale uplifts in the northern Gulf. In 
particular, the extrusion of the middle to late Jurassic 
salt onto the younger sedimentary section resulted in a 
characteristic submarine escarpment (the Sigsbee 
Escarpment), which differentiates the Gulf into the deep 
basin floor and continental margin with the West Florida and 
Campeche escarpments (Fig. 1.1). A transition in the 
crystalline crust (from continental crust to oceanic crust) 
has been reported in the Gulf although the exact location of 
the boundary is not well established (e.g., Salvador and 
Green, 1980; Buffler et al., 1980; White, 1980; Hall et al., 
1982; Buffler and Sawyer, 1985; Dunbar and Sawyer, 1987; 
Rosenthal, 1987; Suh and Pilger, 1988).
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Fig. 1.1 General physiographic and bathymetric map of the Gulf of Mexico and 
locations of two deep seismic reflection lines (LSU-land LSU-2) . The map is 
adapted form Ebeniro et al. (1988).
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The contemporary sedimentary basin of the northern Gulf 
contains the most important hydrocarbon resources of the 
contiguous fourty-eight United States. However, the 
structure of the sedimentary basin, especially the deeper 
portion, and their structural evolution are not well 
established. Knowledge of crustal structure beneath the 
sedimentary section is essential for constraining the 
evolution of the Gulf basin. Frontier exploration of the 
deeper parts of the Gulf of Mexico basin will require an 
interpretive framework which requires reflection seismology. 
Ordinarily, typical recording times are not long enough to 
record signals penetrating through the deeper part of the 
basin and the underlying basement, and crystalline crust.
The results of land-COCORP and deep marine reflection 
profiling by British and French scientists have consistently 
shown the success of imaging deep structures with 
conventional seismic reflection technology with longer 
recording times (e.g., Oliver, 1976; Montadert et al., 1979; 
Brewer and Oliver, 1980; Brewer et al., 1983; Allmendinger 
et al., 1986). Given the fact that the continental margin 
offshore Louisiana has the highest potential for future 
hydrocarbon exploration in the contiguous United States and 
that the imaging of deeper sedimentary structures and the 
subsalt sedimentary structures is important to the petroleum 
industry as well as for basin research,•the Louisiana Board 
of Regents agreed to provide funding for two deep seismic 
reflection profiling across the continental margin of the
offshore Louisiana Gulf Coast (Fig. 1.1).
In this study, processing and interpretation of the 
seismic reflection data from seismic line LSU-1 in the 
northeastern Gulf of Mexico is described. The 
interpretation includes sequence stratigraphy and 
sedimentary and crustal structure. Three-dimensional 
gravity modeling is also incorporated to constrain the 
extent of oceanic crust in the central Gulf of Mexico.
CHAPTER II
REGIONAL OVERVIEW OF THE STUDY AREA 
PHYSIOGRAPHIC FEATURES
The Gulf of Mexico is readily divided into two regions: 
continental margin and basin floor. The continental margin 
includes the continental shelves (Texas-Louisiana, 
Mississippi-Alabama, West Florida, Yucatan, and East Mexico) 
and their corresponding continental slopes (Texas-Louisiana 
slope, upper Mississippi fan, West Florida terrace, Campeche 
terrace, and East Mexico slope). The basin floor includes 
the continental rises (Western Gulf rise and lower 
Mississippi fan) and abyssal plains (Sigsbee plain and 
Florida plain) (Martin and Bouma, 1978) (Fig. 1.1).
The Texas-Louisiana slope shows highly complicated 
bathymetric features which are the result of salt tectonics 
and is bounded by the Sigsbee escarpment at its southern 
limit. The Mississippi fan is a triangular-shaped sea floor 
region and spans both the continental margin and ocean basin 
floor, dominating the topography of the east-central Gulf.
It is a broad sedimentary apron across the continental 
slope, rise, and abyssal plain resulting from the large 
amount of sediment deposited by the Mississippi river since 
the beginning of the Pleistocene (Martin and Bouma, 1978). 
The West Florida and the Campeche escarpments are submarine 




The basic structure of the Gulf of Mexico basin was 
established during late Triassic and Jurassic time. During 
this period, the future site of the Gulf basin experienced 
up to 500 km of continental extension (Buffler et al.,
1986). The attenuated basement of the (onshore) northern 
Gulf includes several basins (East Texas, North Louisiana, 
central Mississippi) separated by intervening structural 
highs (Sabine uplift, Monroe uplift, Wiggins arch). Basins 
formed during this period of rifting and subsidence were 
filled with sediments of the Eagle Mills Formation, 
consisting of synrift-continental red beds, mafic volcanics, 
and the Jurassic Louann salt. The Triassic to Jurassic age 
mafic igneous rocks, reported from numerous wells around the 
margins of the Gulf (Byerly et al., 1982), were probably 
associated with initial rifting event.
From Middle Jurassic through Early Cretaceous, the margin 
of the Gulf of Mexico became a passive margin with the 
emplacement of oceanic crust by seafloor spreading beneath 
the Gulf of Mexico (Buffler et al., 1980). Late Jurassic 
and Early Cretaceous strata of the Gulf Coast consist 
principally of carbonates, deposited in shallow marine 
environments over a broad continental shelf. Continued 
deposition of carbonates in Early Cretaceous developed a 
near-continuous carbonate escarpment almost enclosing the 
deep Gulf (Moore et al., 1978) (Fig. 2.1).
Fig. 2.1 Tectonic map of northern Gulf of Mexico region. 
Legends for patterns and symbols: (1) Normal fault, hachures
on downthrown side; (2) Reverse fault, sawteeth on 
overthrown plate; (3) Fault of undetermined movement; (4) 
Anticline or arch of regional extent; (5) salt diapirs and 
massifs; (6) salt anticlines and swells; (7) trend of Lower 
Cretaceous shelf-margin reef system; (8) updip limit of 
Louann salt; (9) Mesozoic igneous rocks exclusive of 
basement complexes and Triassic diabase sills; (10) downdip 
limits of deep wells reaching rocks of Ouachita tectonic 
belt; (11) uplifts of exposed Paleozoic strata and 
crystalline basement rocks (from Martin, 1978).
A T L A N T IC O C E A N
8
The shelf edge prograded during Late Jurassic and Early 
Cretaceous time (Oxfordian to Neocomian), and retrograded in 
the Aptian time in the northern Gulf (Winker and Buffler,
1988) (Fig. 2.2). Construction of extensive shelf edge reef 
complexes was resumed by slow subsidence of the carbonate 
shelf and very little clastic input in Aptian to Cenomanian 
time (Middle Cretaceous) (Rainwater, 1971; Martin, 1978) .
In the deep Gulf of Mexico, deep marine sediments were 
deposited from late Jurassic to the Cenomanian, forming the 
Challenger Unit (Shaub et al., 1984).
From Late Cretaceous period through the Cenozoic era, the 
Gulf of Mexico basin began to be infilled with huge 
prograding clastic wedges from the west and north. The 
upper Cretaceous strata transgress all older Mesozoic rocks 
in the northern Gulf Coast due to a significant rise in sea 
level and/or a possible corresponding increase in the 
subsidence rate of the margin (Holcomb, 1971; Martin, 1978; 
Winker and Buffler, 1988). Upper Cretaceous sedimentary 
rocks recovered from the Florida and Campeche banks indicate 
that they were deposited in a deep water environment, 
suggesting a relative sea level rise either by continued 
subsidence rapid enough to exceed the growth rate of 
carbonate-producing organism and sedimentation, or by 
significant eustatic sea level rise (Moore et al., 1978). 
Throughout the Cenozoic, the Gulf basin has been gradually 
filled in a progressive eastward direction by prograding 
sequences of terrigenous clastic sediments, first derived
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Fig. 2.2 Seismic stratigraphic geometry of the upper Mesozoic platform 
(unshaded) to basins (shaded) transition for eastern Texas and western Louisiana. 
Stratigraphic nomenclatures are included. (From Winker and Buffler, 1988).
from the Sierra Madre Mountains through the Paleogene and 
later, through the Neogene, from the Rocky Mountains and, to 
a lesser degree, the Appalachians (Moore et al., 1978). The 
Late Cretaceous and Cenozoic clastic wedges of the northern 
Gulf of Mexico have been severely deformed by syn - and post 
- depositional growth faults, salt tectonics, and 
occasionally shale tectonics (Fig. 2.1). A reference chart 
of Gulf Coast stratigraphy is illustrated in Figure 2.3.
TECTONIC PROBLEMS
By near-consensus, the Gulf of Mexico was formed by 
continental rifting in the Late Triassic to Middle Jurassic 
(part of continental break-up of Pangeae), seafloor 
spreading in Late Jurassic and Early Cretaceous, and 
subsequent build-up of sedimentary sequences in Late 
Cretaceous and Cenozoic time (e.g., Buffler et al., 1980; 
Pilger, 1981; Buffler and Sawyer, 1985; Pindell, 1985) (Fig. 
2.4). However, several different models for the opening 
mechanism of the Gulf have been proposed. Each model places 
oceanic crust in the center of the Gulf basin. However, 
major differences about the location of the boundary between 
transitional and oceanic crust and the kinematics of opening 
of the Gulf exist, based on different assumptions and sets 
of data for the northern Gulf of Mexico (Fig. 2.5).
The distribution of oceanic crust in the central Gulf of 
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Fig. 2.3 General stratigraphic chart for the northern Gulf 
Coast. (From Scardina/ 1982).
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Fig. 2.4 A schematic model for the early evolution of the 
Gulf of Mexico basin. (From Buffler and Sawyer, 1985).
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Fig. 2.5 Maps showing the extent of oceanic crust in the Gulf of Mexico region 
from different sources: (a) Salvador and Green (1980, in Hall et al., 1982); (b) 
Buffler et al. (1980, in Hall et al., 1982); (c) Dunbar and Sawyer, 1987); (d) 
White (1980, in Hall et al., 1982); (e) Hall et al. (1982); (f) Buffler and 
Sawyer (1985).
position. The different models for the opening of the Gulf 
have different styles of movement of the Yucatan block. The 
proposed opening models can be grouped into three categories 
according to suggested movement style of the Yucatan block. 
These include: (1) models suggesting that the Gulf of Mexico
was opened in the same direction as the central North 
Atlantic ocean, such that the Yucatan peninsula was a part 
of South America before 130 Ma, and with the cessation of 
sea floor spreading in the basin, Yucatan became part of 
North American plate (e.g., Van der Voo et al., 1976;
Buffler et al., 1980; Pilger, 1981; Klitgord et al., 1984). 
(2) models suggesting that the Yucatan peninsula rotated as 
a microplate in a counterclockwise manner out of the 
northern Gulf about a rotation pole located off the coast of 
northern Florida (White, 1980; Pindell, 1985) . The 
counterclockwise rotation of Yucatan has been suggested by 
other researchers on the basis of the distribution of 
oceanic crust at the center of the Gulf of Mexico (Buffler 
and Sawyer, 1985; Dunbar and Sawyer, 1987; Sawyer, 1984) and 
the study of magnetic anomaly distribution in the basin 
(Shepherd, 1983) . (3) a model suggesting that Yucatan
rotated out of the western Gulf Coast in a clockwise manner 
about a rotation pole in southern Mexico (Hall et al.,
1982). Figure 2.6 shows examples of the above mentioned 
opening models with their predicted geometry and orientation 
of seafloor spreading magnetic lineations (Buffler, 1988). 









Fig. 2.6 Examples of opening models and the geometry and 
orientation of magnetic lineations in the Gulf of Mexico 
predicted by the opening models of: (a) Klitgord et al.
‘(1984); (b) Pindell (1985); and (c) Hall et al. (1982). 
(From Buffler, 1988).
different implications for the nature of the continental 
margin of the northern Gulf, most particularly the location 
of and configuration of the transitional crust-oceanic crust 
boundary, exact knowledge about the oceanic-transitional 
crustal boundary in the northern Gulf of Mexico would be a 
key factor to the study of the origin of the Gulf Mexico.
CHAPTER III 
SEISMIC DATA ACQUISITION AND PROCESSING 
SEISMIC DATA RECORDING
Multichannel deep seismic reflection data were recorded 
using a strong air-gun source and a long marine seismic 
cable across a passive continental margin along the 88° 35'
W meridian in the northeastern Gulf of Mexico in February 
1988. The seismic data were obtained by M/V Sea Searcher, 
operated by GECO. The air-gun source consisted of six tuned 
subarrays which provided a minimum total volume of 7000 in-3 
(123296 cm^) at a minimum pressure of 1900 psi (6894 N/m^). 
The air-gun source was kept at a depth of 7.5 m below sea 
level and was fired every 50 m along the seismic profile.
The marine seismic cable used in the study was 4.5 km-long 
and included 180 hydrophone groups. Each hydrophone group 
consisted of 40 hydrophones and had a spacing of 25 m. The 
cable was towed at a depth of 10 +/- 1 m below sea level. 
Seismic data were recorded using an in-line offset spread 
(Telford et al., 197 6) of source and receivers in which the 
offset (distance between source and first receiver) was 221 
m (Fig. 3.1). The recording parameters include 16 seconds 
of recording length, 4 milli seconds of sampling rate, a 
bandpass filter of 5.3/18 (frequency/slope) - 90/72 
(frequency/slope), and recording format of SEGD 8048 (Table 
3.1) .
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Table 3.1 Recording parameters used in the acquisition of 








INSTRUMENT: DSS-V, DFS-V, NORD-100
TAPE FORMAT: SEG-D, 8048
SAMPLE RATE: 4 MS
LENGTH/TIME: 16 SEC
NO. OF TRACES: 180
RECEIVER INT: 25 M
RECORDING FILTER
LOW CUT FILTER/SLOPE: 5.3/18 




TOTAL VOLUME: 7524 CU. IN. (123296 CU. CM.) 
PRESSURE: 1900 PSI (6894 N/SQ. M)
INTERVAL: 50 M
STREAMER:
TYPE OF STREAMER: HSSQ 
HYDROPHONES IN GROUPS: 40 
NO. OF GROUPS IN USE: 180 
GROUP INTERVAL: 25 M 










The seismic data were processed following a conventional 
processing sequence (Fig. 3.2) using the "DISCO" (trademark 
of Cogniseis) seismic data processing package with the NEC 
SX-2 supercomputer of the Houston Area Research Center 
(HARC). The demultiplexed field data, which were recorded 
with a SEGD format, were reformatted to SEGY format. Some 
poor quality traces which show an exceptionally high 
amplitude, phase shift, or exceptionally high frequency were 
removed from shot gathers. The traces were corrected for 
geometric spreading and balanced.
Shot gathers were sorted into common mid-point (CMP) 
gathers, with each CMP gather consisting of a maximum 45 
traces depending on the field geometry of shot points and 
hydrophones. The CMP gathers were corrected for normal 
moveout after velocity analysis described below. Next, two 
kinds of mutes were applied to the NMO corrected CMP 
gathers: mute of pre-seafloor bottom events and mute of near 
traces in the area of severe multiples. Each CMP gather was 
stacked producing a 45 fold stacked trace and the stacked 
trace was passed through a filtering process. Time variant 
filters were constructed on the basis of spectrum analysis 
and a test of several band-pass filters. The dominant 









SORTING TO CMP 45 FOLD
NORMAL MOVEOUT CORRECTION
VERTICAL SUM: 4 TRACES TO 1
TRACE AMPLITUDE EQUALIZATION
PROCESSING SEQUENCE
AUTOMATIC GAIN CONTROL: 1000 MS GATE
Fig. 3.2 Seismic data processing sequence used in this 
study.
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time, as expected (Fig. 3.3 and Fig. 3.4). Because seismic 
line LSU-1 passes through different geologic provinces, 
several time-variant filters were used allowing space- 
variant filters. Finally, four adjacent 45-fold stacked 
traces were vertically stacked onto one, producing synthetic 
180 fold coverage. Display used automatic gain control 
(AGC).
Velocity Analysis
Conventional velocity analysis (Yilmaz, 1987) was carried 
out every 50 shot points (2.5 km) along the entire length of 
seismic profile LSU-1. The common mid-point (CMP) gathers 
were repeatedly NMO corrected using a velocity increment of 
50 m/sec within a range of 1500 m/sec and 6000 m/sec.
Fifteen neighboring 45-fold CMP gathers were used to 
construct a constant velocity stack at every velocity 
analysis station. When seismic reflection events were 
corrected for normal moveouts with correct velocity and were 
stacked, seismic reflections show the highest amplitude in a 
constant velocity stack panel. Figure 3.5 shows an example 
of the constant velocity stack panel from which a stacking 
velocity function was derived through an interactive 
velocity picking routine. Then, the picked stacking 
velocity function was converted into interval velocities 
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Fig. 3.3 Examples of spectrum analysis using a trace from CMP # 19120. Seismic 
signals and the results of spectrum analysis of the time ranges of: (a) 0 - 5  
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Fig. 3.4 Filter pannels showing output from different band­











Fig. 3.5 Example of a constant velocity stack pannel from 
CMP # 19300. Fifteen neighboring CMP gathers were stacked.
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where, Vrms = the root mean square velocity which is 
generally a good approximation of the stacking velocity, and 
t i = the time of vertical path, one way or two way, through 
the layer of velocity Vi (Cordier, 1985). Figure 3.6 
represents characteristic velocity functions over different 
geologic provinces derived from this study.
Using the velocity data from the velocity analysis, the 
NMO correction and stacking were conducted. Stacking 
velocities, interval velocties, thickness of each layer, and 
depths to layer bottoms of velocity analysis stations are 
shown in the appendix. Using the interval velocity data, 
arrival times of major velocity boundaries and crustal 
structures were converted into depth in order to construct a 
velocity cross section along the profile (Chapter VI).
MultipJ-.es
Frequency - wave number (F-K) analysis was conducted on 
several NMO-corrected CMP gathers (Fig. 3.8) using a 
velocity function between a primary velocity function and a 
multiple velocity function (Fig. 3.7) of each corresponding 
location.
Fig. 3.6 Stacking velocities and interval velocities from:
(a) the deep central Gulf of Mexico, (b) the allochthonous 
lateral salt zone of the middle of the seismic profile LSU- 











































Fig. 3.7 Velocity functions derived from CDP # 400. VM = 
velocity function for multiples, VP = velocity function for 









Fig. 3.8 Common mid-point gathers; (a) original CMP gather 
at the CMP # 400, (b) NMO corrected CMP gather from (a) using
the primary velocity function (VP), (c) NMO corrected CMP
gather from (a) using the velocity function VB.
5951
34
In a given F-K diagram (Fig. 3.9), the left half 
represents real reflections and the right half represents 
multiples. The result of the F-K analysis indicates that 
the reflectors between sea bottom and its first multiple are 
predominantaly real reflection events (Fig. 3.9a), and those 
below the first multiple of water bottom are dominantly 
multiples, both primary type and peg-leg type, of upper 
reflectors (Fig. 3.9b and 3.9c). In the NMO corrected CMP 
gathers, shallow multiples have a hyperbolic shape which 
results in their attenuation by stacking. In near traces of 
NMO corrected CMP gathers, however, deeper multiples have 
little moveout resulting in presence of the multiples in the 
stacked section. For this reason, seven near traces were 
muted out before stacking to reduce multiple amplitudes 
(Fig. 3 .10) .
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Fig. 3.9 The results of F-K analysis. (a) F-K analysis of 
the time range between 2.0 and 6.5 sec. (b) F-K analysis of 
the time range between 6.0 and 10.0 sec. (c) F-K analysis 
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Fig. 3.10 Example of corrected CMP gather. (a) with normal moveout correction, 




Seismic stratigraphic studies have been used for 
interpreting or modeling stratigraphy, sedimentary facies, 
and geologic history from seismic reflection sections for at 
least last three decades. The publication of AAPG Memoir 
2 6, seismic stratigraphy - Applications to Hydrocarbon 
Exploration (Payton, 1977) made a significant contribution 
to the wide use of seismic stratigraphy by applying the 
stratigraphic concepts of L.L. Sloss (Sloss, 1963) to the 
interpretation of seismic reflection data (Cross, 1988).
Seismic stratigraphic study consists mainly of seismic 
sequence analysis, seismic facies analysis, and integrated 
interpretation of geological and geophysical data (Bubb and 
Hatlelid, 1977). Seismic sequence analysis includes 
dividing the seismic section into packages of relatively 
conformable reflections. These packages are separated by 
unconformities, which are recognized by terminations of 
reflections against bounding surfaces. Packages of 
relatively conformable reflections are interpreted to be 
deposited during similar tectonic and relative sea level 
conditions, whereas their bounding unconformities represents 
substantive changes in sea level, tectonic movements, or 
sediment supply (Cross, 1988). Once the stratigraphic
40
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framework is established, the next step is the recognition 
of seismic facies within sequences. External forms of 
sequences and seismic units, reflection configurations 
within sequences, and reflection parameters are used in 
recognition of seismic facies units. The details of such 
factors are explained by Mitehum et al. (1977). The seismic 
parameters are then mapped and correlated to available well 
data and they are interpreted in terms of depositional 
processes, environments, and possible lithology (Bubb and 
Hatlelid, 1977).
The seismic sections which include the most complete 
record of coastal onlap and least structural and tectonic 
deformation with sufficient well control are best suited for 
seismic stratigraphic purposes. In that sense, the 
continental shelf off Alabama and Mississippi is an ideal 
area for seismic stratigraphic study.
The northeastern corner of the Gulf of Mexico is an area 
of transition between the thick terrigeneous wedges of the 
northern and western Gulf of Mexico and the massive 
carbonate platforms of the West Florida bank to the east 
(Martin, 1972). The buried lower Cretaceous carbonate 
margin in the study area connects the southeastward 
extension of the Stuart City reef trend in Texas and 
Louisiana and the Florida Escarpment. Because the slope of 
the lower Cretaceous carbonate margin is less steep than the 
Florida escarpment and is preserved beneath a cover of 
Cenozoic elastics, there is some continuity of reflectors in
Cretaceous and younger sequences across the shelf margin, 
thereby making it possible to correlate shallow water 
seismic sequences to sequences in the deep Gulf of Mexico 
(Addy and Buffler, 1984),
Extensive seismic stratigraphic studies in the carbonate 
platform provinces in the eastern and southern Gulf and the 
deep marine region of the central and southern Gulf of 
Mexico have been undertaken in recent years (e.g., Angstadt 
and others, 1985; Mullins and others, 1988; Shaub and 
others, 1984; Addy and Buffler, 1984; Mitehum, 1978, Worzel 
and Burk, 197 9) . There is, however, less published 
information on seismic stratigraphy for the deep portion in 
the thick terrigenous wedge province in the northern and 
western Gulf. One study, conducted in the Main Pass area, 
identified seven post-MCU (Mid-Cretaceous Unconformity) 
stratigraphic boundaries based on seismic reflection data 
and a deep well (Reed, 1983). The Cenozoic unconformities 
have been defined in detail (Greenlee, 1988).
Recent acquisition of a long, 16-second multichannel 
profile provides the opportunity for more complete analysis 
of the seismic stratigraphy of the continental shelf in the 
Main Pass area (Fig. 4.1) for the Mesozoic and Cenozoic 
sedimentary section.
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Fig. 4.1 Location map of the study area, seismic line LSU-1 
and correlated wells.
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DATA ACQUISITION AND PROCESSING
350 km of multichannel two-dimensional deep seismic 
reflection data were acquired in February, 1988, across the 
continental shelf, continental slope, and the Mississippi 
fan along the 88° 35' W meridian by the GECO M/V Sea
Searcher under contract to Louisiana State University (Fig. 
4.1). Shots were fired every 50 m at water depths of 7-8 m 
using a tuned array of 48 air guns with a minimum total 
volume of 7000 cubic inches (123,300 cm^) at about 2000 psi 
(6900 N/m^). The resulting seismic signals were recorded 
for 16 seconds at 4 ms sampling rate with a 4.5 km long, 180 
channel marine seismic cable.
The data were processed using standard marine processing 
sequences: deleting bad traces, sorting into common midpoint 
(CMP) gathers, semblance velocity analysis, normal moveout 
(NMO) correction, muting, band pass filtering, and stacking 
using the DISCO seismic processing package (registered 
trademark of the Cogniseis) on the Houston Area Research 
Center SX-2 (NEC) supercomputer. Velocity analysis was 
undertaken every 50 shot points (2.5 km) and the interval 
velocities calculated from the RMS velocities were compared 
to available refraction velocities near the seismic line 
LSU-1. Because the RMS velocities had big error ranges for 
deeper parts of the seismic data, the refraction velocities 
determined by previous velocity studies (summarized by 
Locker and Chatterjee, 1984) were converted into stacking
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velocities using Dix's (1955) formula. The NMO-corrected 
traces were summed to produce 45-fold coverage and four 
stacked traces were summed onto one trace for display (Fig. 
4.2.a).
After the structural and seismic sequence analysis of the 
northern 50 km of the line, interpreted sequence boundaries 
were digitized and migrated using a ray path time migration 
scheme (Michaels, 1977) with a velocity function of V= 1.42 
+ 0.83Z, where V=velocity (km/sec) and Z=depth (km) below 
sea level. The migrated sequence boundaries were then 
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Fig. 4.2 (a) Seismic section studied in this paper, (b) St
Numbered features are; (1) a possible carbonate reef in the 
carbonate shelf margin, and (4) mid-Oligocene shelf margin, 
shown in Figure 3.

ir, (b) Structural interpretation of the seismic section shown in Fig. 2.a. 
jef in the Jurassic, (2) Jurassic shelf margin, (3) Early Cretaceous 




Overall stratification of the studied section is well 
preserved. Structural deformation is limited to the 
southern end of the section where two distinct growth faults 
occur (Fig. 4.2.b). The growth faults have a typical 
geometry with a rollover structure in the downthrown block 
near the Early Cretaceous shelf edge. The growth faults 
possess a listric geometry, decreasing in dip to the south. 
The major growth faults are located in a region of abrupt 
thickening of Late Cretaceous and Cenozoic sediments.
A shelf break is recognized in the middle of the 
seismic section and is interpreted to be a mid-Oligocene 
shelf edge formed by a vertical build-up of a carbonate reef 
(Fig. 4.2.b). The lower Cretaceous (Albian) carbonate shelf 
edge is inferred to be located just beneath the landward 
growth fault. The seismic facies is characterized by an 
overall change in dip of reflectors and the absence of 
coherent reflectors probably due to non-bedded carbonate 
reef facies at the shelf margin. It provides a hinge for 
extensive seaward thickening of the younger sedimentary 
section (Fig. 4.2.b). The Jurassic shelf margin can be seen 
below the early Cretaceous carbonate shelf margin as 
inferred from subtle changes in the dip of reflectors 
obscured by the younger growth fault (Fig. 4.2.b).
The pre-Mesozoic basement is inferred to correspond to 
relatively strong reflectors which are onlapped by
sedimentary rocks of the early rift stage and broken by a 
sediment-filled graben indicative of the extensional 
tectonic regime in pre-Early Jurassic time. The basement 
shallows to seven km depth in the northern end of the 
section and is interpreted to represent a part of the 
southern flank of the Wiggins arch. Depth to basement 
increases to the south and the surface becomes 
unrecognizable as a distinct reflector beneath the lower 
continental shelf.
49
SEISMIC STRATIGRAPHIC SEQUENCE ANALYSIS
Seismic sequence boundaries were delineated by 
recognizing reflection terminations and interpreting them as 
onlap, downlap, top lap, or truncation according to the 
scheme of Vail et al. (1977). Some small sequences were 
combined into major sequences on the basis of regional 
continuity and consistency of unconformities. The 
geological ages for sequence boundaries were inferred from 
correlation of the section with biostratigraphic data from 
the Texaco # 1 well (Chandeleur Area Block 24) and Getty # 1 
well (Chandeleur Area Block 33) (in the Mineral Management 
Service files) and with published data (Reed, 1983;
Greenlee, 1988) for the post - middle Cretaceous 
unconformity (MCU). Paleontologic age data from Mobil #1 
(Mississippi Sound Block 72) and Floto #1 (west coast, Horn 
island) wells were also used to confirm the geologic ages 
for sequence boundaries at the northern end of the section. 
The absolute time scale used in this study is the one 
constructed by Haq et al. (1987) in which both high - and 
low temperature radiometric dates were used. The depth - 
age data sets for the above mentioned wells are summarized 
in Table 4.1 through Table 4.4.
A complete seismic stratigraphic framework from the time 
of opening of the Gulf of Mexico to the present was 
established from the continental shelf of the northern Gulf 
Coast continental margin along the section (Fig. 4.1). Ten
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major seismic stratigraphic units were defined and named, 
from oldest , I, to youngest, X (Fig. 4.3).
The oldest depositional sequence, Unit I, occurs at a 
depth below 6.3 km at the northern end of the section (Fig.
4.4) and its top is defined by sequence boundary 1, which is 
recognized by truncations of reflectors and onlap (Fig.
4.3). This pattern of termination of reflectors implies 
that the unconformity was an erosional surface. The 
existence of a conspicuous subaerial erosional surface in 
Early Jurassic time has been previously reported along the 
Gulf margin (Salvador, 1987). The age of sequence boundary 
1 is uncertain. However, its position below the top of the 
Jurassic sequence and the similar lapout patterns to the 
early Jurassic unconformity of the circum-Gulf region (Todd 
and Mitehum, 1977) suggest that it is the early Jurassic 
unconformity of the circum-Gulf region. The sequence 
boundary between the Triassic and the Jurassic sequence of 
South Texas and of offshore West Africa (Todd and Mitehum, 
1977) and the significant hiatus in the early Jurassic 
period reported in the North Louisiana Salt basin (Scardina, 
1982) are tentatively correlated with the erosional 
unconformity at the top of the depositional sequence I. The 
base of this unit is recognized as the top of pre-Mesozoic 
basement by basal onlaps.
The top of the seismic stratigraphic unit II (sequence 
boundary 2) is recognized by downlap (Fig. 4.3), and 









Fig. 4.3 Seismic stratigraphic sequences and sequence bou
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Fig. 4.4 Depth section of the seismic sequence boundaries shown in Fig.4.3 and the 
correlation of the sequence boundaries with well data.
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surface, representing a condensed section, is used as 
sequence boundary in this study because of the non-existence 
of onlap terminations below the down lap surface in the used 
seismic section. The transgressive sequences will not 
resolved in seismic section if their thicknesses are less 
than a vertical resolution. Sequence boundary 2 occurs at a 
depth of approximately 6 km at the northern end of the 
section and it is interpreted as the top of Jurassic 
according to similar depth to the top Jurassic (about 6 km) 
near the northern end of the seismic profile LSU-1 (Locker, 
1984) . The top of the upper Jurassic Haynesville formation 
lies at a depth of 5.2 km at the Mobil #1 well (Fig. 4.4).
Sequence boundary 3 at the top of Unit III is recognized 
by reflector truncations beneath it, near the shelf margin, 
and several distinct downlaps onto it (Fig. 4.3), and is 
inferred to be the Mid-Cretaceous unconformity (MCU), the 
most distinct unconformity in both shallow and deep water 
regions of the Gulf of Mexico. The top of lower Cretaceous 
rocks lies at 2.92 km and 2.73 km at Floto #1 and Mobil #1 
wells respectively (Rogers, 1988) . The landward projection 
of sequence boundary 3 to the line linking Mobil #1 well and 
Floto #1 well corresponds with the top of the Early 
Cretaceous rocks at a depth of 2.86 km at a point about 15 
km north of the northern end of the section (Fig. 4.4).
For the sequence boundaries at the top of units IV, V, 
and VI, ages are interpreted as the top of the late 
Cretaceous (66.5 m.y.), late Paleocene (58.5 m.y.), and
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middle Eocene (39.5 m.y.), respectively, based on the 
paleontologic age-depth data from Texaco #1 well and 
correlation of seismic section LSU-1 with Texaco Line B 
(Reed, 1983) and Exxon line 7 (Greenlee, 1988). The 
projection of sequence boundary 4, the Cretaceous-Tertiary 
boundary, correlates with well data from the Mobil #1 and 
Floto #1 wells at a depth of 2.1 km at a point about 15 km 
north of the northern end of the section (Fig. 4.4).
Sequence units IV and V are characterized by prominent 
downlapping terminations of prograding reflectors at their 
base.
Sequence boundary 7 occurs at the top of depositional 
unit VII and is defined by a series of onlaps. This 
unconformity is difficult to date due to growth faults which 
severely disturbed the sedimentary layers near this 
boundary. However, the abrupt eustatic sea level drop at 
the end of Mid-Oligocene time and the intermediate position 
of sequence boundary 7 between the top of the Oligocene and 
top of the Eocene in the seismic section of Texaco line B 
provide some constraints for dating this boundary as the top 
of middle Oligocene (30 m.y.). Sequence boundaries at the 
top of unit VIII and IX are defined by downlaps and onlaps 
and are dated as top of middle Miocene (10.5 m.y.) and top 
of upper Miocene (5.5 m.y.), respectively, based on 
paleontologic data of Texaco #1 and Getty #1 wells.
Table 4.1. Depth and age data from Texaco #1 well in 
Chandeleur area Block #24.
Well Name: Texaco #1





6880 2097.0 Upper Middle Miocene
7330 2234.2 Middle Miocene (Cris. I)
7960 2426.2 Lower Miocene (Amph. 'B')
9400 2865.1 Upper Oligocene
10990 3349.8 Lower Middle Oligocene
11560 3523.5 Lowermost Oligocene
11650 3550.9 Upper Eocene
11920 3633.2 Middle Eocene
12040 3669.8 Lower Paleocene
12160 3706.4 Top Cretaceous
12770 3892.3 Upper Cretaceous (Maastrichtian)
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Table 4.2. Depth and age data from Getty #1 well in 
Chandeleur area Block #33. Approximate ages were based on 
the Gulf Coast Cenozoic stratigraphic chart of PI 
exploration systems (Petroleum Information Corporation).
Well Name: Getty #1
Area: Chandeleur Area Block 33
Location: Long 88° 35' 44.081" W, LAT 29° 42' 33.064" N
Lease: OCS-G-5741 #1





2980 908.3 Upper Miocene 
(Bigenerina 'A')
~7 m.y.




6340 1932.4 Middle Miocene 
(Uvigerina 3)
~12 m.y.
Table 4.3. Depth and age data from Mobil #1 well in 
Mississippi Sound Block #72.
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Well Name: Mobil #1
Area: Mississippi Sound Block




6537 1992.5 K-T Boundary
7530 2295.1 Top Eutaw
8650 2636.5 Top Lower Tuscaloosa
8950-9300 2728.0-2834.6 Possible range for Top of 
Lower Cretaceous
17180 5236.5 Top Haynesville
20180 6150.9 Top Smackover
20910 6373.4 Top Norphlet
21250 6477.0 TD .
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Table 4.4. Depth and age data from Floto #1 well in the 
west coast of Horn island.
Well Name: Floto #1 
Area: WC/Horn Island
Location: Long 88° 43' 48" W, LAT 30° 15' N
Measured Depth Age
(Feet) (Meters)
7200 2194.6 K-T Boundary
8350 2545.1 Top Eutaw Fm
9290 2831.6 Top Lower Tuscaloosa
9590 2923.0 Top Lower Cretaceous
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CORRELATION OF SEISMIC SEQUENCES
Seismic sequence boundaries defined in the study area are 
correlated with the recently published eustatic sea level 
curve of Haq and others (1987) and the sequence boundaries 
defined in Destin dome area (Addy and Buffler, 1984), west 
Florida slope (Mitchum, 1978), west Florida bank (Mullins 
and others, 1988), deep Gulf of Mexico (Shaub and others, 
1984), and east Texas basin (Todd and Mitchum, 1977).
The sequence boundary between depositional sequences X 
and IX is the Miocene-Pliocene boundary and is correlated 
with boundary B of the west Florida slope, to the boundary 
between unit I-B and unit I-C of the west Florida bank, and 
to the boundary between Vail's third order cycles 3.3 and 
3.4 within TEJAS B3. The mid-Miocene/upper-Miocene boundary 
(10.5 m.y.) at the top of the depositional unit VIII is 
correlated with boundary C of the west Florida slope 
(Mitchum, 1978), with the boundary between sequences I-C and 
I-D of the west Florida bank (Mullins and others, 1988), and 
to the TB2/TB3 (TEJAS B2/TEJAS B3) sequence boundary of 
Vail's super cycle (Fig. 4.5). Given the fact that the 
unconformity between unit A and unit B of Destin dome area 
has the error range between boundary B and boundary C of 
west Florida slope (Addy and Buffler, 1984), this mid- 
Miocene unconformity is interpreted as a distinctive 
unconformity formed at the time of lowest sea level stand 
ever since the opening of the Gulf of Mexico. This sequence
60
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Fig. 4.5 Correlation of the seismic sequence boundaries 
defined from this study with the eustatic sea level curve and 
those seismic sequence boundaries defined in other areas: (1)
from Shaub and others (1984)f (2) from Addy and Buffler 
(1984), (3) from Mitchum (1978), (4) from Todd and Mitchum 
(1977), and (5) from Mullins and others (1988).
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boundary is recognized in both offshore Alabama and New 
Jersey as the most pronounced downward shift in coastal 
onlap in the Neogene (Greenlee, 1988).
There are two other distinctive boundaries in each area: 
mid-Cretaceous (97 m.y.) and mid-Oligocene unconformities 
(30 m.y.). The unconformity between depositional sequences 
III and IV (MCU) coincides well in its age all around the 
eastern Gulf of Mexico and the deep Gulf of Mexico (Fig.
4.5). The unconformity at the top of depositional unit VII 
is correlated with the sequence boundary between unit C and 
D of Destin dome area (Addy and Buffler, 1984), to the 
boundary between unit III and IV of west Florida bank 
(Mullins and others, 1988), and to the TEJAS A/TEJAS B 
sequence boundary of Vail's super cycle (Fig. 4.5). The 
mid-Oligocene downward shift in onlap followed by 
progressive landward onlap in the offshore of both Alabama 
and New Jersey as reported by Greenlee (1988) shows the same 
pattern of lapout in the study area. Unconformity H of 
Mitchum (1978) might also be correlative with the mid- 
Oligocene unconformity in the study area. The mid-Oligocene 
sequence boundary identified by Lord (1987) in deep water 
of the West Florida basin suggests mid-Oligocene 
unconformity (30 m.y.) is a major regional unconformity.
The sequence boundary at the top of the middle Eocene 
depositional unit has not previously been reported in the 
Gulf. This unconformity matches the TA3/TA4 sequence 
boundary of Vail's super cycle, which has an age of 39.5
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m.y. (Fig. 4.5). The unconformity between depositional 
sequences VI and V is referred to as late Paleocene age 
(58.5 m.y.) and is correlated with the unconformity between 
depositional units D and E of Destin dome area and the 
Paleocene significant time gap in the West Florida Bank 
(Mullins, 1988).
Depositional sequence IV encompasses Vail's super cycles 
UZA2 (Upper Zuni A2), UZA3, and UZA4, and its top and bottom 
boundaries are correlated to boundaries J and K of Mitchum's 
study (1978) respectively. Depositional sequence III, which 
is bounded by the top Jurassic unconformity at its base and 
the MCU at its top, encompasses units F and G of Destin dome 
area. The base of Sequence III is correlated to the 
unconformity between Hosston group and the Cotton valley 
group of the East Texas basin (Tood and Mitchum, 1977) and 
to the sequence boundary between the units G and H of Destin 
dome area. The unconformity at the base of the depositional 
unit II is tentatively correlated to the base of the L-W 
group of the East Texas basin on the basis of 
characteristics of reflector terminations which indicate a 
subaerial erosional surface (Fig. 4.5).
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SEISMIC FACIES INTERPRETATION
Seismic facies are defined using three reflection 
charactors, geometry of reflectors, reflection continuity, 
and reflection amplitude in this study. The studied seismic 
section generally shows two geometries of reflectors; a 
parallel geometry (P) and a basinward convergent geometry 
(C). Reflection continuity includes continuous (C) and 
discontinues (D) facies. Refelction amplitudes are divided 
into three facies; high amplitude (H), low amplitude (L), 
and reflection free (RF). Therefore, a PCH seismic facies 
represents a seismic facies having parallel and continuous 
reflectors with high amplitude. The sections for enlarged 
views are referenced in Figure 4.6.
Pre-MCU Sequences
Pre-MCU sequences consist of depositional sequences I,
II, and III which were deposited during a period of 
gemerally lower sea level than that of the Late Cretaceous. 
Depositional sequence I exhibits parallel and discontinuous 
seismic reflections with very low amplitude (PDL seismic 
facies) (Fig. 4.7). This unit contains a graben filled with 
nonmarine red beds and volcanics primarily related to the 
rifting of the continental crust (Klitgord et al., 1984).
The top of sequence I shows very distinctive terminations of 
reflectors, implying subaerial erosion. Depositional
Fig. 4.6 Index section showing segments of seismic data shown in figures 7 
through 14.
o>4*.
Fig. 4.7 Seismic section showing a PDL seismic facies of depositional sequence I.
05c n
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sequences I and II include a mound-like structure whose top 
has a very high amplitude reflector near the shot point # 
6600 (Fig. 4.3 and Fig. 4.8). This mound-like structure may 
be a vertical build-up of shallow marine carbonates. It is 
inferred that the reduced amplitudes in the central part of 
the structure may indicate porous facies of a reef in which 
a large reduction in density may occur by gas or liquid 
fill. A dolostone facies of shallow marine or restricted 
lagoonal environment has been described from the upper 
Jurassic Buckner formation, at depths of about 6 km in 
southwestern Alabama (Lowenstein, 1986). Depositional 
sequence III shows parallel and continuous reflectors with 
relatively high amplitude (PCH seismic facies) for the lower 
and upper parts and a seismic facies of parallel and 
discontinuous reflections with low amplitude (PDL seismic 
facies) for the middle portion of the sequence (Fig. 4.9).
Post-MCU Sequences
Depositional sequence IV, which consists mainly of 
prograding clinoforms with very low angle downlaps at their 
base, includes UZA-2, UZA-3, and UZA-4 of Vail's second 
order super cycles (Fig. 4.5). The unit was deposited 
during a period of generally high sea level stand with 
intermittent lowering of sea level during the Late 
Cretaceous. This unit shows seismic facies of relatively 
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continuity (CDL seismic facies) (Fig. 4.10). The well logs 
for Mobil #1 well and Floto #1 well indicate that the lower 
half of this unit consists mainly of shale as inferred by 
relative low values of gamma ray and resistivity logs and 
the upper half consists mainly of chalk (Austin chalk) by 
relative high values in gamma ray and resistivity logs.
These lithologies imply that the lower half of depositional 
sequence IV was deposited in a prodelta setting and the 
upper half was deposited as a marine carbonate during sea 
level high stand. A reef facies is interpreted by the 
absence of coherent reflectors near shot point 6000 (Figures 
4.2.b and 4.3). Abrupt kicks in spontaneous potential (SP), 
resistivity, and gamma ray logs in well logs for Texaco #1 
well indicate the existence of carbonate rocks at the top of 
the Cretaceous sequence (Fig. 4.11). The downlap surface at 
the Cretaceous-Tertiary boundary is interpreted as 
indicating a rapid rise in sea level during latest 
Maastrichtian and earliest Paleocene time.
Sequence V consists predominantly of prograding 
clinoforms which have low angle downlaps onto the top of 
depositional sequence IV. Depositional sequence V has 
relatively low amplitude and discontinuous reflections (CDL 
seismic facies) (Fig. 4.10). Well data from Mobil #1 and 
Floto #1 wells show shale in the sequence. The depositional 
sequence is the Paleocene Midway group, which was apparently 
deposited in a prodelta setting. The top of sequence V 






























Fig. 4.11 Logs of the Texaco #1 well. All three logs show 
abrupt changes at 12160 ft (3707 m) indicating a change in 
lithology from shale to carbonate.
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Data from Mobil #1, Floto #1, and Texaco #1 wells 
indicate that depositional sequence V I  consists 
predominantly of shale. This shale was deposited in a 
prodelta setting during the Eocene sea level high stand and 
forms the distal portion of Wilcox Group and Claiborne 
Group. Onlap and downlap onto the top of sequence V  in 
front of the paleo break at the top of sequence V  suggests 
the presence of a possible eustatic lowstand fan system 
(LSF) (Fig. 4.12). During the sea level lowstand, most 
terrigenous sediment bypasses the continental shelf and 
forms submarine fans in front of the paleo shelf break.
Depositional sequence V I I  is characterized by a parallel 
and discontinuous reflection configuration with low 
amplitude (PDL seismic facies) in the upper continental 
shelf. The top of this unit is concordant with the basal 
sequence bounding unconformity of sequence V I I I  and the base 
of the sequence onlaps the top of sequence VI. The eustatic 
sea level curve has two subdivisions in the depositional 
period represented by sequence VII; the first half is a 
period of rising of sea level; the second half is one of sea 
level high stand (Fig. 4.5). The reflectors which onlap the 
top of sequence V I  may represent a transgressional system 
tract (TST). Well data from Mobil #1, Floto #1, and Texaco 
#1 wells indicate that depositional sequence V I I  consists 
mainly of limestone, chalk and shale in vertical order. The 
top of this unit shows a unique shelf break near shot point 













Fig. 4.12 Seismic section showing sequences VI, VII, VIII, and IX near the mid- 




reflection free seismic facies (Fig. 4.13), indicating that 
there may be vertically built carbonate reefs on the 
previous paleo break which produced a shallow water 
carbonate platform in Mid-Oligocene. A coral reef 
penetrated in offshore Alabama indicates that reef growth 
was terminated by a major downward shift in onlap at 21 m.y. 
(Greenlee, 1988).
Depositional sequence VIII, which is subdivided into 
three subsequences by reflection geometry, shows three 
seismic facies; (1) subsequences VIII-A, VIII-B, and the 
bottom portion of the subsequence VIII-C represent a seismic 
facies of parallel and discontinuous reflection 
configuration with relatively high amplitude (PDH seismic 
facies), (2) the middle portion of the subsequence VIII-C
has a low amplitude to reflection free seismic facies (RF 
seismic facies), and (3) the top portion of the subsequence 
VIII-C has a seismic facies of parallel and continuous 
reflection configuration with relatively high amplitude (PCH 
seismic facies) (Figures 4.12 and 4.14). Well data from 
Texaco #1 shows sandstone sequences of Late Oligocene and 
Early Miocene age (Fig. 4.15). The lithological information 
and reflection geometry suggest that the sedimentary rocks 
of PDH seismic facies was deposited in a coastal plain or 
nearshore setting during sea level rise as a transgressive 
system tract (TST). A major basinward shift of onlap in 
mid-Oligocene time, which made the basal sequence boundary 
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Fig. 4.14 Seismic section showing seismic facies of depositional sequence VIII
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Fig. 4.15 Logs for the seismic sequence VIII in the Texaco 
#1 well.
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the study area. Data from the Texaco #1 well indicate that 
the middle part of subsequence VIII-C, which is 
characterized by reflection free facies, consists dominantly 
of marine shale, thereby suggesting that the reflection free 
seismic facies was deposited in a prodelta setting during 
sea level high stand. A downlap surface occurs within 
subsequence VIII-C between the RF seismic facies of deep 
marine shale and the PDH seismic facies of shallow marine 
sandstone sequences (Fig. 4.14). The PCH seismic facies of 
the upper part of subsequence VIII-C consists of sandstone, 
siltstone, and shale based on the integration of data of 
Texaco #1 (Fig. 4.15), Mobil #1, and Floto #1 wells. The 
eustatic sea level curve (Haq et al., 1987) shows sea level 
dropping during the period this facies was being deposited 
(Fig. 4.16). These observations indicate that the upper 
part of subsequence VIII-C of PCH seismic facies was 
deposited by rapid delta progradation, forming the 
regressive portion of a trangressive system tract (TST) 
during sea level lowering in late middle Miocene.
The Late Miocene depositional sequence IX has a seismic 
facies of parallel and continuous reflection configuration 
with high amplitude (PCH seismic facies) (Figures 4.12 and 
4.14). Lithologic data from Getty #1 well indicate that 
depositional sequence IX consists of numerous alternating 
layers of some poorly to moderately sorted sandstone and 
silty or calcareous shale. This type of interbedding 












Fig. 4.16 Eustatic sea level curve for the period of 
depositional sequence VIII. Solid lines represent sequence 
boundaries and broken lines represent condensed sections 
(from Haq et al., 1987).
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level fluctuations; during sea level lowstand period, 
terrigenous sediment was transported far basinward and 
deposited poorly to moderate sorted sandstone on the deltaic 
plain or delta front while the shale was deposited as 
prodelta sediment during sea level high stand. Good 
continuity and high amplitude of reflectors may be the 
result of this type of lithologic change, which can give 
sufficient acoustic impedance contrasts.
The latest depositional sequence X, the Pliocene and 
Pleistocene sedimentary sequence, corresponds with TB3 of 
Vail's supercycle. The base and top of this unit are 
defined by onlaps and the present sea bottom, respectively. 
This sequence consists of very low amplitude or reflection 
free seismic facies except for a portion of the lower part 
of the sequence, in which parallel and continuous 
reflections with relatively high amplitude are present (PCH 
seismic facies) (Figures 4.12 and 4.14). The apparently 
reflection free seismic facies is probably due to 
inappropriate recording and processing parameters for 
imaging shallow layers. The upper part of the sequence 
probably consists of unconsolidated sediments which can not 
produce enough acoustic impedance contrast to generate a 
distinctive reflections given the recording parameters used 
in this project. Also, the increased frequency and 
intensity of glacial eustatic sea level fluctuations during 
the Plio-Pleistocene produced sedimentary layers in the 
continental shelf area too thin to be recorded given the low
vertical resolution of this study. Minimum vertical 
resolution for the data set is approximately 8 m based on a 
velocity of 1.6 km/sec for the upper portion of this 
sequence.
Figure 4.17 shows the correlation of the defined seismic 
facies of each seismic stratigraphic unit with the eustatic 
sea level curve of Haq et al. (1987). The results of
seismic facies interpretation indicate that the seismic 
facies of good continuity and high amplitude are generally 
related to depositional sequences deposited during periods 
of frequent and intense sea level fluctuations and that 
seismic facies of less continuity and low amplitude are 
generally related to sedimentary sequences deposited during 


























Fig. 4.17 Seismic facies and eustatic sea level curve.
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DEPOSITIONAL HISTORY
The northern continental margin of the Gulf of Mexico, 
which extends from De Soto canyon to northern Mexico, is 
composed of a broad wedge of Mesozoic and Cenozoic strata 
that accumulated almost continually from the Jurassic to the 
present (Martin, 1978) . The entire stratigraphic section of 
the Destin dome area is divided into three main depositional 
settings; a shallow marine environment from the time of 
opening of the Gulf of Mexico to the mid Cretaceous, a 
deeper water setting (middle to outer neritic) from mid- 
Cretaceous to mid-Oligocene, and the shallow water 
conditions of late Tertiary and Quaternary age (Addy and 
Buffler, 1984). The seismic data and the 
lithostratigraphic data from wells of the study area 
indicate these three main depositional environments are also 
present in the study area.
Average accumulation rates are estimated on the basis of 
the seismic depth section at 30° N latitude which is in a 
similar depositional setting to the Exxon #3 well of Destin 
dome area (Addy and Buffler, 1984) (Fig. 4.18). Because the 
rates were computed on the basis of seismic data, there is a 
possibility of slight error due to the chosen velocity 
function. The accumulation rates are minima because they 
are not corrected for compaction, possible erosion, or 
nondeposition. The average depositional rates of the Main 
Pass area and Destin dome area (Fig. 4.19) represent three
M IS S IS S IP P I 
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Fig. 4.18 Two locations where depositional rates were 
calculated. Rates are based on the seismic depth section in 
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Fig. 4.19 Chart representing eustatic curve and depositional 
rate of each depositional sequence.
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main depositional periods: (a) the highest accumulation rate 
of pre-MCU, (b) low accumulation rate from mid-Cretaceous to 
mid-Oligocene, and (c) intermediate accumulation rate of 
post mid-Oligocene time (Table 4.5).
Seismic sequences I, II, and III were deposited during the 
late Triassic to mid-Cretaceous in a shallow marine 
environment. It was difficult to estimate the accumulation 
rates for depositional sequences I and II because of the 
uncertain ages for the sequence boundaries. The estimated 
depositional rate for sequence III is approximately 7.5 
cm/1000 yr., which is close to the average depositional 
rate of 7.79 cm/1000 yr. in the Destin dome area to the 
east (Addy and Buffler, 1984). This data indicates that 
there was not a significant difference in depositional style 
between the two areas in the early stage of the basin 
evolution.
During the period of deep water deposition which occurred 
from mid-Cretaceous to mid-Oligocene, which is represented 
by seismic sequences IV, V, VI, and VII, the average rate of 
deposition was 2.6 cm/1000 yr in the study area. This 
sedimentation rate is more than three times higher than the 
sedimentation rate in the Destin dome area (0.78 cm/1000 
yr.). This large difference in the rate of deposition is 
probably due to a change in source area for the northwestern 
and northcentral Gulf and indicates that the differentiation 
of the Gulf margin into two distinct depositional provinces 
of continental margin was initiated after the mid-
87
Table 4.5 Depositional rates of each sequence in the Main 
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Cretaceous. The depositional rates for sequences IV and V 
of late Cretaceous and Paleocene are even higher than those 
of sequences VI and VII of the Eocene and Oligocene, 
although the sea level stand in late Cretaceous and 
Paleocene time was higher (Figures 4.19 and 4.20) . These 
results represent the huge amount of clastic sediment 
introduced into the northern Gulf coast from the western 
interior as a result of the late Cretaceous-Paleocene 
Laramide orogeny (Martin, 1978). Logs from Mobil # 1, Floto 
# 1, and Texaco # 1 wells indicate that the lithology of the 
period consists mainly of limestone, chalk, and shale, 
indicating a middle to outer neritic depositional setting 
for the study area. This lithologic information may imply 
that the high accumulation rate in the late Cretaceous and 
Paleocene time is not the result of proximity of the study 
area to the shoreline but the result of high sediment influx 
into the Gulf basin.
Seismic sequences VIII, IX, and X were deposited in 
shallow water and their lithologic content is primarily 
shallow marine calcareous shale, sandstone, and siltstone, 
affected by frequent sea level oscillations. The average 
depositional rate was about 5 cm/1000 yr., which is higher 
than those of the previous' deep water environment as well as 
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Fig. 4.20 Age-depth curves for two sites, where accumulation 
rates were calculated. Depth are measured below the sea 
bottom. Locations are shown in Figure 4.18.
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SUMMARY AMD CONCLUSION
The interpretation of multichannel deep seismic 
reflection data in the Main Pass area provides a detailed 
seismic stratigraphic framework for the thick sedimentary 
section of the Gulf of Mexico. Ten major seismic sequences 
are defined in the study area since the opening of the Gulf 
of Mexico. These are labeled I through X in order of 
decreasing age.
The correlation of seismic sequence boundaries defined in 
the study area with those of onshore Texas and Louisiana, 
west Florida bank and slope, and southeastern Gulf of Mexico 
indicates that the unconformities at the top of the Jurassic 
(131 m.y.), mid-Cretaceous (97 m.y.), mid-Oligocene (30 
m.y.), and mid-Miocene (10.5 m.y.) are major regional 
unconformities. The unconformity between depositional 
sequences I and II represents a severe subaerial erosional 
surface which formed in the early to middle Jurassic.
The results of the seismic facies analysis, correlation 
with the eustatic sea level curve (Haq et al., 1987), and 
the lithologic interpretation of well logs indicate that 
seismic facies characterized by a good continuity and high 
amplitude are generally composed of alternating sand and 
shale layers deposited during periods of frequent and 
intense sea level fluctuations and that the seismic facies 
characterized by low continuity and low amplitude are mainly 
from sedimentary sequences dominated by shale or limestone
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that were deposited during high sea level stand.
The depositional history of the study area can be divided 
into three main stages: shallow marine deposition until mid- 
Cretaceous, deep water deposition from mid-Cretaceous to 
mid-Oligocene, and a return to shallow marine deposition 
after mid-Oligocene time. The comparison of depositional 
rates of the study area with those of nearby Destin dome 
area indicates that a acceleration of sediment accumulation 
in the northern Gulf continental margin began in the mid- 
Cretaceous. The relatively high deposition rates of late 
Cretaceous and Paleocene times reflect the huge amount of 
clastic sediments introduced into the northern Gulf coast 
region from the continental interior as a result of the 
Laramide orogeny.
Structural analysis of the seismic section provides some 
new information on paleo-shelf margins and the basement.
The basement occurs at a depth of about 8 km and includes a 
sediment filled graben. This is the first report of 
continental basement from seismic reflection data in the 
northern Gulf of Mexico. Three paleo-shelf margins occur in 
the seismic section: in the Jurassic, early Cretaceous, and 
Oligocene. The Oligocene shelf break occurs landward of the 
early Cretaceous carbonate shelf margin, corresponding to 
the major global sea level drop recognized by Haq et al. 
(1987).
CHAPTER V 
SEDIMENTARY AND CRUSTAL STRUCTURE
INTRODUCTION
The northern Gulf of Mexico is underlain by a thick cover 
of terrigenous and marine sediments largely derived from the 
North American continent since late Jurassic time.
Knowledge of the crustal structure beneath the thick 
sedimentary section is essential in order to more completely 
understand the origin and tectonic evolution of the Gulf of 
Mexico. At the same time, imaging of deeper sedimentary 
structures and the subsalt sedimentary structures is 
becomingly increasing important in frontier exploration for 
hydrocarbone. To begin to deal with these problems, two 
deep multichannel seismic reflection profiles were acquired 
in the northern Gulf of Mexico in 1988 by Louisiana State 
University.
In recent years, improvements in marine seismic 
reflection acquisition systems have allowed imaging of the 
deeper structure of continental margins. Use of strong 
energy sources such as large, tuned air gun arrays and 
longer streamers with more hydrophone groups make it 
possible to record wide-angle reflection events with high 
signal to noise ratios (S/N ratio) and low frequency 
components. Further, increased computational power of 
supercomputers provides the possibility of processing the
92
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large amount of data produced by deep multichannel systems.
From velocity analyses of LSU-1 (Fig. 5.1) (as described 
in Chapter III), a velocity cross-section was constructed 
along seismic line LSU-1 using interval velocities 
calculated using Dix's (1955) equation. Other available 
data, including seismic refraction, gravity, and magnetic 
data were assembled to constrain the interpreted sedimentary 
and crustal structure from interval velocities.
The term 'crustal layer' in this study refers to the 
rocks beneath the Mesozoic and Cenozoic sedimentary rocks 
and above the Mohorovicic discontinuity. The term 
"basement' includes the top of oceanic crust, top of 
crystalline continental crust, and the top of pre-Mesozoic 
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Fig. 5.1 Location map of the Seismic line LSU-1 with 





The northern Gulf of Mexico margin is underlain by a 
broad wedge of Mesozoic and Cenozoic sedimentary strata.
The sedimentary section occurrs in an east-west trending 
elongated depocenter up to 16 km thick beneath the Texas- 
Louisiana continental shelf (e.g., Rosenthal and Buffler, 
1986). The major structural features which affect the 
sedimentary sequence are salt structures, growth faults, and 
masses of unconsolidated shale, all of which have been 
heavily influenced by the voluminous Cenozoic clastic 
sedimentation in the northern Gulf. The clastic wedge is 
itself intensively deformed by the growth faults, shale 
diapirs, and some extensional faults associated with shale 
diapirism (Fig. 5.2 and 5.3). Shale diapirs are recognized 
by their form and relatively lower velocities than intruded 
adjacent sedimentary rocks (2.3 to 2.5 km/sec vs. 2.8 
km/sec) (Fig. 5.5.b). The downthrown sediments in the 
hanging wall of major growth faults near the early 
Cretaceous carbonate margin produce lower velocities than 
the adjacent sedimentary rocks of the footwall (Fig. 5.5.b).
Salt bodies are recognized by their structural form, 
irregular geometries of their tops and bottoms, lack of 
internal reflection, and distinctive velocity (Fig. 5.3).
The middle section of the profile LSU-1 includes a 2-3 km 
thick allochthonous salt mass intruding the upper Cenozoic
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Fig. 5.2 Interpreted multichannel seismic section of LSU-1C 
(unmigrated time section) in continental shelf and upper 
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Fig. 5.3 Interpreted multichannel seismic section of LSU-1B 
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Fig. 5.4 Interpreted multichannel seismic section of LSU-1A 
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Fig. 5.5 (a) Profiles of free-air gravity anomaly and m<
Velocity structure along the seismic line LSU-1. Solid 1: 
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sedimentary rocks (Fig. 5.3). The apparent velocity of the 
salt mass ranges from about 3.5 to 4.5 km/sec depending on 
the degree of mixing with sediments. Low velocities (less 
than ~3.7 km/sec) beneath the salt layer near 28° 30' (Fig. 
5.5.b) are interpreted as indicating the existence of 
clastic sedimentary rocks, although the salt layer makes it 
difficult to image the deeper detailed sedimentary structure 
(Fig. 5.5.b). A window between salt masses indicates the 
existence of sedimentary rocks with a velocity of 4.5 to 5.5 
km/sec at a depth of 10 km near 29° N, inferred to be lower 
Cretaceous and upper Jurassic carbonates (Fig. 5.5.b).
In the deep Gulf of Mexico, the sedimentary column shows 
a layer-cake structure which can be divided into four units 
in terms of velocity; the most recent unconsolidated 
sediment layer (-1.8 km/sec), Pliocene to Pleistocene (-2.5 
km/sec), late Eocene to Miocene (-3.2 km/sec), and upper 
Jurassic to lower Eocene (-4.7 km/sec) (Fig. 5.6). The 
Quaternary sedimentary sequence contains several buried 
channels of about 2-3 km in width and about 1 km in depth 
(Fig. 5.4).
Because velocity analyses could resolve only velocities 
of the Lower Eocene and shallower sedimentary rocks in the 
deep Gulf, velocities of the Challenger unit of pre-middle 
Cretaceous age are uncertain in this work. However, results 
of Sono buoy and ocean bottom seismograph (OBS) refraction 
studies in northwestern Gulf (Locker and Chatterjee, 1984; 
Nakamura et al., 1988) and in the eastern Gulf (Ibrahim and
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Uchupi, 1982; Ibrahim et al.f 1981) commonly indicate a 
velocity range of 4.7 - 5.5 km/sec for the pre-middle 
Cretaceous sedimentary unit. The unit immediately overlies 
the basement and is inferred to consist predominantly of 
deep marine sediment in the central Gulf (Shaub et al.,
1984). This study indicates that the major velocity 
boundary in the northeastern Gulf appears to be middle 
Eocene age rather than the MCU. A refraction velocity study 
near LSU-1 (about 30 km to the east) indicates that a 
velocity boundary between 3.0 km/sec and 4.7 km/sec is found 
at a depth of 7.8 km (Locker and Chatterjee, 1984). This 
depth corresponds with the Eocene sedimentary unit according 
to the depth section based on the velocity analysis data 
(Fig. 5.6).
Velocity Layering of LSU-1
The sedimentary section is subdivided into three layers 
based on the interval velocities; (1) a clastic sedimentary 
unit having a velocity range of 1.7 km/sec to 4.0 km/sec,
(2) a carbonate unit having a velocity range of 4.3 km/sec 
to 5.7 km/sec, and (3) a basal unit consisting of early 
rift-stage sediments and evaporites having a velocity range 
of 3.5 km/sec to 4.5 km/sec.
Clastic Units: The clastic sedimentary wedge, which was 
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1A in the deep central Gulf of Mexico.
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thickens basinward beneath the continental shelf and 
continental slope and has a constant thickness of about 6 km 
beneath the abyssal plain (Fig. 5.7). The wedge shows an 
abrupt thickening across the early Cretaceous shelf margin 
and severe disturbance by salt tectonics and minor shale 
diapirism in the middle of the seismic line LSU-1 (Figures 
5.2 and 5.3). The wedge is subdivided into three layers in 
terms of interval velocity (Fig. 5.7). The uppermost 
sedimentary layer (about 1 km thick) has velocities of less 
than 2 km/sec, and is interpreted to represent 
unconsolidated sediments. The sedimentary layer with a 
velocity of 2.0 to 2.5 km/sec shows relatively constant 
thickness along the section and is interpreted to represent 
semi-consolidated sediments. The sedimentary layer with a 
velocity of 2.5 to 4.0 km/sec gradually thickens basinward 
and is interpreted to represent consolidated sediments.
Carbonate Unit: A sedimentary layer characterized by a 
velocity of 4.3 to 5.7 km/sec occurs beneath the clastic 
unit along the entire seismic profile LSU-1 (Figures 5.5.b 
and 5.7). Drillhole data from the Mississippi sound block 
#72 (Mobil #1, Fig. 5.1) indicate that carbonates rocks are 
the predominant lithology at depths between 3 and 6.4 km 
(Rogers, 1989) . These data match well with the sedimentary 
section ranging in velocity from 5.0 to 5.5 km/sec and 
occurring at depths between about 3.3 km and about 6.2 km in 









Fig. 5.7 A simplified velocity structure along the seismic line LSU-1 based on 
the multichannel seismic velocity analysis.
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sedimentary layer having a velocity range of 5.0 to 5.5 
km/sec beneath continental shelf and continental slope is 
interpreted to represent carbonate rocks of Jurassic to late 
Cretaceous age.
Rift-Stage Sediments and Evaporite Unit: The unit of early 
rift-stage (late Triassic to early Jurassic period) 
sediments and evaporites is defined only for the northern 30 
km of LSU-1 by lower velocity than the overlying carbonate 
rock unit (Fig. 5.5.b). This unit shows basal onlaps and 
parallel but discontinuous reflections with low amplitude 
(Fig. 5.2). The velocity of the lowest sedimentary unit of 
the shelf is less than 4.0 km/sec, which is smaller than the 
velocity of the overlying late Jurassic to early Cretaceous 
unit. Therefore, the deepest unit is inferred to be the 
late Triassic or early Jurassic Eagle Mills Formation, which 
is composed of terrigenous clastic sediments. The acoustic 
basement is detected at a depth of about 7.5 km at 30° 5' isi 
and deepens rapidly to the south where it disappears as a 
distinctive reflector. Although this unit is not recognized 
in the seismic reflection section in most portions of the 
seismic line LSU-1, it is generally assumed that the 
terrigenous elastics and evaporites exist at the base of the 
Mesozoic sedimentary section in the Gulf of Mexico and are 
underlain by transitional crust (Buffler et al., 1986a; 
Buffler et al., 1986b).
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BASIN MARGINS
The pre-Cretaceous shelf margin of LSU-1 was interpreted 
based only on the correlation with basinal units in the 
northern and western Gulf of Mexico because the margins of 
the circum-Gulf province have been interpreted only locally 
and tentatively based on seismic data (Winker and Buffler, 
1988). According to Winker and Buffler, the inferred pre- 
Cretaceous shelf margin exists somewhat landward of the 
early Cretaceous margin along seismic line LSU-1. The 
Jurassic shelf margin and the early Cretaceous shelf margin 
are recognized by the overall change in the dip of 
reflectors and the seismic facies change from parallel and 
continuous reflectors with strong amplitude to the reef 
facies of discontinuous reflections with relatively weak 
amplitude (Fig. 5.8). The seismic reflection data of this 
study,in contrast with Winker and Buffler (1988), indicate 
that the pre-Cretaceous shelf margin seems to have the same 
latitudinal location as the early Cretaceous shelf margin.
It appears to have the form of continuous vertical buildup 
as does the West Florida bank.
The Oligocene shelf edge is found about 20 km landward of 
the early Cretaceous shelf edge (Fig. 5.8). This 
observation corresponds with the observed systematic 20-30 
km retreat of the shelf edge beneath the continental margin 
of the eastern United States (Grow et al., 1983) . 
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Fig. 5.8 Seismic section showing paleo-shelf edges in the study area. Location 
of the section is shown in Fig. 5.1
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explained in terms of the interplay of subsidence rate, 
sedimentation rate, and carbonate production (Winker and 
Buffler, 1988). As the tectonic subsidence curve of the 
Main Pass area shows very slow subsidence during the early 
Tertiary (Greenlee, 1988) , and the depositional rate had not 
changed much from the Eocene and early Oligocene (1.3 
cm/1000 yr.) (Chapter IV), it is inferred that the 
retrogradation of mid'-Oligocene shelf edge was mainly 
controlled by eustatic sea level drop in the mid-Oligocene.
In the northern and.western Gulf Coast, the Oligocene shelf 
edge exists basinward of the early Cretaceous shelf edge 
(Martin, 1978) . This could reflect the higher clastic 
sediment influx into the basin in that area.
The present shelf edge on LSU-1 exists near 29° 10', 
about 60 km seaward of the early Cretaceous carbonate shelf 
margin (Fig. 5.8). This observation is the opposite of the 
relative position of the present shelf edge and the early 
Cretaceous shelf edge along the East Coast. According to 
Grow et al. (1983), the continental shelf edge during the 
early Cretaceous was 20 to 30 km seaward of its present 
position in the northwestern Atlantic. The progradation of 
the modern shelf edge in the northern Gulf of Mexico is 




Top of Crustal Layer
The top of the crustal layer is recognized at a depth of 
about 7 to 9 km beneath the continental shelf and about 12 
km beneath the abyssal plain. Beneath the continental 
shelf, the uppermost section of the continental crust shows 
an inferred graben and horst structure interpreted as 
evidence of early rifting of the Gulf Basin. On the Wiggins 
arch in southeastern Mississippi, granite and phyllite have 
been encountered in wells and have been dated between 275 
and 300 m.y. in age (Early Permian - Late Pennsylvanian) 
(Cagle and Khan, 1983). The existence of Paleozoic rocks 
ranging from upper Precambrian meta-arkose and quartzite to 
Ordovician sedimentary rocks with numerous diabase 
intrusions beneath the late Triassic Eagle Mills formation 
have been reported from the west Suwannee basin of Florida 
panhandle area (e.g., Arden, 1974; Klitgord et al., 1984).
In the deep Gulf, the top of oceanic crust (basement) is 
identified around 9.5 sec in two-way travel time at the 
southern end of seismic section LSU-1 by a irregular pattern 
of reflections and strong reflectors which is probably the 
top of the oceanic (volcanic) layer 2 (Fig. 5.4) in analogy 
with previous interpretation of Buffler et al. (1980, 1981). 
This surface has not been detected as a major velocity 
boundary in seismic refraction velocity studies. A major
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velocity change from 4.8 km/sec to 6.8 km/sec was reported 
at the top of inferred oceanic layer 3 below the volcanic 
layer in the Gulf (Ibrahim et al., 1981). The top of the 
oceanic crust is traceable from south to north along the 
profile to about 27° 17' N, where the surface has a 
vertical offset of about 1.6 km (Fig. 5.6 and Fig. 5.4). 
Another strong basement reflector is traceable further north 
to about 27° 35' N where the overlying salt mass precludes 
imaging of deeper units without more sophisticated 
processing. This surface is interpreted as the top of the 
marginal basement high, based on basal onlaps and the smooth 
reflection surface. Buffler et al. (1980) note that 
transitional crust commonly has such a smooth surface while 
the top of inferred oceanic crust is much more irregular.
Mohorovicic Discontinuity
The Mohorovicic discontinuity is not recognized in the 
seismic reflection section. In the deep Gulf of Mexico, the 
expected arrival time range of reflections from Moho is 
covered by strong peg-leg multiples of the Mid-Cretaceous 
unconformity between 11 sec and 12 sec (Fig. 5.4). Seismic 
section LSU-1C (Fig. 5.2) also shows many multiples in the 
continental crust. Because the sections (Figures 5.2, 5.3, 
and 5.4) for this study were generated by a basic seismic 
processing scheme, it is expected that the use of some 
advanced processing software including pre-stack migration
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and frequency - wave number filtering might show deeper 
crustal and even Moho reflections.
The Moho discontinuity has been detected at a depth of 
about 16 km by a change in the seismic velocity from 7.0 
km/sec to 7.9 km/sec about 30 km off the profile to the east 
in the deep Gulf of Mexico from OBS work (Ibrahim et al., 
1981) (Fig. 5.6). A seismic refraction velocity study 
detected a velocity boundary from 6.9 km/sec to 8.3 km/sec 
at a depth of about 4 0 km at the northern flank of the 
Wiggins arch, approximately 90 km northeast of the northern 
end of LSU-1 and the boundary is interpreted to represent 
the Moho discontinuity (Warren et al., 1966).
Crustal Structure from Gravity Modeling
In attempt to better constrain the crustal structure a 
gravity model has been constructed (Chapter VI). The 
modeled section in Figure 5.9 shows the Mohorovicic 
discontinuity at a depths of 17 km under the central Gulf,
30 km beneath the Campeche Bank, and approaching 40 km 
beneath the northern Gulf of Mexico. The asymmetry of Moho 
depth is interpreted as the result of isostatic adjustment 
for the differential sedimentation between the northern Gulf 
and the southern Gulf, combined with thicker crust beneath 
the Wiggins arch.
The oceanic crust is assumed to have a density of 3.0 
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Fig. 5.9 Sedimentary and Crustal structure along the seismic line LSU-1 based on 
two dimensional gravity modeling.
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gravity anomaly observed along the section. The oceanic 
crust spans about 180 km along the profile and has a 
thickness of about 5-6 km (between 11 and 17 km in depth). 
Continental crust is divided into two layers, having 
densities of 2.75 and 3.0 g/cm^, respectively, although the 
layers are not consistently recognized from seismic 
refraction studies. The upper continental crustal layer 
thins basinward and thickens abruptly near the Wiggins arch 
at the northern end of the profile (Fig. 5.9).
The sedimentary section is subdivided into four layers; 
Quaternary, late Cretaceous to Tertiary, pre-MCU (mid- 
Cretaceous unconformity), and Triassic to Jurassic 
evaporite. Assumed densities for these layers are 2.20, 
2.35, 2.55, and 2.35 g/cm^ respectively. The base of the 
sedimentary section has a maximum depth of 12.5 km near 28° 
N latitude, where the free-air gravity profile shows a 
relative minimum of about -35 mgal.
SALT TECTONICS
Many of the distinctive bathymetric features of the 
northern Gulf of Mexico are largely the result of the salt 
tectonics. The abrupt topographic steepening along the 
Sigsbee escarpment in the central and western Gulf of Mexico 
is the seaward limit of Jurassic salt structures, while the 
west Florida escarpment and the Campeche escarpment are the 
original depositional features of the early Cretaceous 
carbonate margin. Generally, the structural fabric of the 
northern Gulf margin is the result of salt flowage and 
intrusion which produces several structural styles: diapirs, 
tongues, sheets, isolated lenses, and wedges (Martin, 1978). 
Variations in structural style and size result from 
variations in original thickness of salt available for 
flowage, and time varying and space-varying accumulation of 
sedimentary overburden (Amery, 197 6). The evolution of 
northern Gulf salt structures is directly related to the 
Cenozoic progradation of terrigenous clastic sediments. 
During the initial stage of the salt flowage, salt is 
displaced laterally forming broad nondiapiric pillows and 
swells in response to differential accumulation. The salt 
flow allows the overburden to subside, creating a basin 
where additional sedimentation results in additional salt 
movement (Martin, 1978). The continuous progradation of 
terrigenous clastic wedges in late Tertiary and Quaternary 
squeezed the Jurassic salt seaward, forming a bathymetric
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high and a pronounced scarp such as the present-day Sigsbee 
escarpment (Fig. 5.10).
The seismic reflection section mainly shows three styles 
of salt structures: diapirs, sheets, and wedges (Fig. 5.2 
and Fig 5.3). A large isolated vertical salt structure 
occurs near 2 9° N latitude and seems to be connected to the 
middle to late Jurassic parent salt. Several tabular salt 
bodies, apparently separated from the parent salt (at least 
in the plane of the section), are recognized in the middle 
of the profile and have variable thickness (Fig. 5.3 and 
Fig. 5.5.b). The tops of the salt bodies are well defined 
in the seismic section, but the base of the salt is not 
always recognized due partly to the diffraction and 
refraction of the seismic energy at the salt-sediment 
interface and partly the smaller negative value of 
reflection coefficient at the base of salt body than that of 
the top salt. Because the salt body has higher velocities 
than the overlying and underlying sedimentary layers while 
density of salt is comparable to sediment density, the 
existence of salt will give positive and negative reflection 
coefficients at its top and base respectively. However, in 
some places, the base of the salt is recognized as a series 
of strong reflectors (Fig. 5.3).
Broad downward bending of sedimentary layers is 
recognized on the landward side of former salt conduits 
(Fig. 5.3) and these structures probably formed by the 
removal of salt mass from the deeper original position.
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Fig. 5.10 Evolution of salt structures in response to the 
progradation of terrigenous clastic wedges in the northern 
Gulf of Mexico (from Ray, 1988).
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D'Onfro (1988) suggested that the salt mass behaves like a 
viscous fluid over geologic time and flows laterally when 
horizontal compressive stresses exceed overburden stress. 
Geologically, this condition will be possible in the toe 
regions of growth fault systems and around flanks of 
intruding salt diapirs (Ray, 1988). In the case of late 
Cenozoic layers, the continuous upward movement of salt 
combined with low overburden stress could make the lateral 
viscous flow possible within the late Cenozoic loose 
sedimentary layers.
Salt wedges are the largest salt structures in the Gulf 
of Mexico and formed at the basinward edge of the salt body 
by the lateral flowage of salt due to the progradational 
basin filling updip (Ray, 1981). The salt wedge generally 
cuts the sedimentary layers beneath it and thrust up 
basinward. In the seismic section, the salt wedge thrusts 
up the lowermost sedimentary layers on the basement high 
(Fig. 5.3 and 5.5.b). The smaller size of the salt wedge in 
the study area compared to the salt wedges in the Sigsbee 
escarpment may be due a lesser amount of original salt due 
to the proximity of t he Wiggins Arch and lesser updip 
sediment filling in the northeastern Gulf relative to the 
north-central and western Gulf of Mexico.
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OCEANIC-CONTINENTAL CRUSTAL BOUNDARY
The uncertainty concerning the location of the 
continental-oceanic crustal boundary in the northern Gulf of 
Mexico has contributed to several possible opening models 
for the Gulf (Hall et al., 1982; Klitgord et al., 1984; 
Pindell, 1985). Seismic reflection section LSU-1A (Fig.
5.4) includes a possible basement high bounded by a steep 
fault on its southern flank, and it is interpreted to be an 
outer marginal high, probably formed during the late rift 
phase. Relief of about 1.6 km is found at the southern edge 
of the basement high; its top is characterized by onlap 
terminations of inferred synrift sedimentary rocks toward 
the oceanic crust (Fig. 5.4 and 5.5.b). These onlapping 
reflectors are interpreted as pre-salt early rift stage 
sediments. Although the northern end of the basement high 
block is not recognized in the reflection time section, a 
relief of about 2 km is possible (Fig. 5.5.b). The lateral 
continuous inferred top of the crust accross the basinward 
limit of allochthonous salt (Fig. 5.3 and 5.4) is 
interpreted as a velocity pull-up effect due to the high 
velocity of salt above it.
An outer basement high has been reported to be a common 
feature formed during the late-rifting phase of passive 
margin based on numerous geological and seismic profiles 
across divergent continental margins (Schuepbach and Vail, 
1980). A series of studies on the mid-Atlantic ridge have
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shown that rift valley formation is dominated by volcanism 
and subsequent large scale, dip-slip faulting (Rosenthal,
1987) . Multi-channel seismic lines from offshore west 
Africa also illustrate outer marginal highs consisting of 
blocks bounded by steep faults and onlapped by pre-salt 
early rift stage sedimentary rocks (Schuepbach and Vail, 
1980). In this context, the fault-bounded seaward margin of 
the observed basement high is interpreted to be the location 
of the continent-oceanic (C/0) crustal boundary. The 
location of the boundary is somewhat seaward of the limit of 
the present salt wedge along the profile. Therefore, the 
salt was deposited outside of the outer basement high and 
has been thrust out onto the outer basement high by the 
updip sediment pileup. The location of the C/O boundary as 
defined by the seaward limit of the basal onlap termination 
(Rosenthal, 1987), also occurs somewhat seaward of the 
southern limit of salt body and is traceable to the C/O 
boundary recognized in the seismic reflection section of the 
LSU-1 (Fig. 5.11).
Seaward of the inferred C/O boundary, the top of the 
crust has rough and irregular reflectors while the top crust 
shows constant and non-diffraction type reflections in 
landward of the inferred C/O boundary (Fig. 5.12) . This 
difference in reflection characteristics on each side of the 
boundary helps support the interpreted location of the C/O 
boundary in the northern Gulf of Mexico.
A profile of the Free-air gravity anomaly along the
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Fig. 5.11 Location of the continental-oceanic crustal boundary defined by the 
seismic reflection data in the eastern Gulf of Mexico (modified from Rosenthal, 
1987).
Fig. 5.12 Multichannel seismic reflection section showing the continental-oceanic 
crustal boundary.
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seismic line LSU-1 shows a positive anomaly of about 40 mgal 
near the continental shelf break (Fig. 5.5a). The positive 
free-air gravity anomaly is a part of the SW-NE trending 
positive free-air gravity anomaly belt which is parallel to 
the continental shelf edge in the northeastern Gulf of 
Mexico. This belt was interpreted to represent an outer 
basement high structure which exists at the landward edge of 
the oceanic crust (Hall et al., 1982). The prominent 
positive gravity anomaly associated with continental shelf 
edges has been reported in a number of locations including 
the continental margin off Norway (Talwani and Eldholm,
1972) and the eastern U. S. margin (Grow et al., 1983). 
However positive anomalies are interpreted herein to 
represent a bathymetric edge effect at the continental shelf 
edge rather than to represent subsurface geologic 
Structures.
A steep gravity change is found near the basinward limit 
of the salt body. The abrupt decrease of the free-air 
gravity may be due, in part, to a density contrast between 
deep sedimentary rocks and salt and partly from the density 
contrast between the basement high and early rift-stage 
sediment and evaporites (Fig. 5.5.b). Therefore, the 
location of the steep gravity gradient probably exists 
landward of the continental-oceanic crustal boundary.
A major geophysical tool for the recognization of the 
continental-oceanic crustal boundary has been a magnetic 
anomaly across the boundary. The East Coast Magnetic
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Anomaly (ECMA) of the western Atlantic ocean has been 
interpreted to be a magnetic edge effect at the landward 
edge of oceanic crust (Keen, 1969; Klitgord and Behrendt, 
1979; Grow et al., 1983; Sawyer, 1985; Heirtzler, 1985). 
Recent COCORP seismic reflection profiles together with 
magnetic anomaly analysis propose that the ECMA marks not 
only the present continental/oceanic crustal transition but 
also the late Paleozoic suture between North America and 
Africa (e.g., Nelson et al., 1985; McBride and Nelson,
1988). The ECMA shows a N-S oriented linear pattern in the 
western Atlantic ocean. However, the amplitude of magnetic 
anomalies of the Gulf of Mexico is too low (maximum of about 
120 nT along profile LSU-1 (Hall et al., 1984) and 




1. The entire region of the seismic line LSU-1 from the 
continental shelf off Mississippi to the abyssal plain is 
underlain by 8 - 1 3  km of sedimentary rocks.
2. The sedimentary cover can be subdivided into three 
units; a clastic sedimentary unit with a velocity of 1.7 - 
4.0 km/sec, a carbonate unit with a velocity of 4.0 - 5.7 
km/sec, and an early rift-stage clastic and evaporites unit 
with a velocity of 3.5 - 4.5 km/sec.
3. Three buried paleo-shelf edges are recognized in the 
seismic section; Jurassic, early Cretaceous, and mid- 
Oligocene shelf edges. Their relative positions seem to be 
governed by sedimentation rate, subsidence rate, carbonate 
production rate, and eustatic sea level changes.
4. Several broad salt sheets having a thickness of 2-3 km 
occur within the late Tertiary sedimentary section and some 
sedimentary layers are recognized below the thick 
allochthonous lateral salt body. Velocity information on 
the subsalt sedimentary rocks indicates the existence of 
consolidated clastic sedimentary rocks.
5. The top of oceanic crust is recognized at a depth of 12 
km and shows irregular reflection pattern. The top of 
continental crust is recognized at the northern end of the 
seismic line and shows a relatively smooth reflection 
pattern.
6. The result of two dimensional gravity modeling represents
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general picture of sedimentary and crustal layering and 
thicknesses in the Gulf of Mexico. The crustal model which 
gives corresponding calculated free-air anomaly with the 
observed free-air anomaly matches seismic findings about 
sedimentary and crustal structures.
7. A marginal basement high structure is recognized and is 
onlapped by pre-drift sequence. The basinward margin of the 
basement high is marked by a steep normal fault and is 
interpreted to represent the continental-oceanic crustal 
boundary.
CHAPTER VI
GRAVITY MODELING OF THE NORTHERN GULF OF MEXICO
INTRODUCTION
Based on seismic refraction profiles and seismic 
reflection character of the top of the crystalline crust, 
the location of the continental - oceanic crustal boundary 
in the southern Gulf of Mexico seems to be well-constrained 
(Buffler et al., 1980; Buffler et al., 1981; Ibrahim et al., 
1981; Ibrahim et al., 1982). The boundary inferred from 
seismic data also corresponds with a distinctive gravity 
anomaly and a change in character of the residual magnetic 
field. In the northern Gulf of Mexico, however, there are 
uncertainties regarding the location of the boundary, 
particularly in those region in which thick sediments, 
including allochthonous Louann salt, obscure deeper 
reflection results and inhibit seismic refraction profiling 
(Fig. 6.1). As the location of the crustal boundary is one 
of the most important constraints on plate reconstructions 
of the Gulf, uncertainties in the location of the boundary 
in the northern Gulf has resulted in differences among 
various opening models (e.g., Hall et al., 1982; Klitgord et 
al., 1984; Pindell, 1985; Buffler and Sawyer, 1985).
This study focuses on the recognition of the crustal 
boundary from three-dimensional modeling of the gravity 
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Fig. 6.1 Location map of gravity modeling area (gray color) 
and the continental-oceanic crustal boundaries defined by 
different data sets. Solid lines are the C/O boundary 
defined by free-air gravity study (Hall et al., 1982), 
broken line indicate the C/O boundary defined by seismic 
refraction velocity study (Ibrahim and Uchupi, 1982), and 
the stippled area is the extent of oceanic crust defined by 
multichannel seismic data (Buffler and Sawyer, 1985).
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gravity anomalies together with magnetic anomalies have been 
used to constrain the boundary between oceanic crust and 
transitional crust in passive continental margins. Steep 
gradients from positive anomaly to negative in isostatic and 
free-air anomalies have been reported across the oceanic - 
transitional crust boundary of the Argentine and South 
African continental margins (Rabinowitz and Labrecque,
1977). A continuous isostatic gravity high is recognized 
along the Angolan continental margin of West Africa 
(Rabinowitz, 1972). Along the continental margin of South 
Africa, a linear high-amplitude positive magnetic anomaly of 
about 300 to 800 nT is coincident with the isostatic gravity 
anomaly. The magnetic anomaly has been interpreted as an 
edge effect at the oceanic basement-continental basement 
boundary (Rabinowitz, 197 6).
As the free-air gravity anomalies include gravitational 
effects of mass anomalies in the water column, sedimentary 
section, and mantle above the depth of compensation, they 
can not readily constrain density variations within the 
crystalline crustal layer without removing the gravity 
effects of the other mass anomalies. In this study a 
"crustal" gravity is computed using three-dimensional 
calculations by attempting to remove bathymetric, 
sedimentary, and crust-mantle boundary effects. The crustal 
anomaly is used to predict the location of the continental - 
oceanic boundary for comparison with various opening models 
of the Gulf of Mexico.
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DATA BASE
The information necessary for estimating the gravity 
anomaly due to the density variations in the crystalline 
crustal layer include free-air gravity, bathymetry, depth to 
crystalline basement (the base of the Mesozoic and Cenozoic 
sedimentary section), depth to Mohorovicic discontinuity, 
and density of each layer. The free-air anomaly data were 
acquired by digitizing published gravity anomaly maps 
(Pilger and Angelich, 1984; Hall et al., 1984). Bathymetry 
data of the Gulf are from the world topography and 
bathymetry data set of the National Geophysical Data Center 
(NGDC), which has five-minute resolution. As the bathymetry 
does not vary dramatically in most parts of the Gulf, five- 
minute resolution seems to be adequate for crustal anomaly 
computation (Fig. 6.2). Depths to basement compiled by 
Rosenthal and Buffler (1986) provide good coverage in the 
southeastern half of the study area, but the basement depths 
for the other half is less certain. It is assumed that the 
sedimentary section in the northwestern Gulf of Mexico has a 
maximum thickness of about 16 km (Fig. 6.3), based on 
recently published OBS data in the northwestern Gulf 
(Nakamura and others, 1988), which indicate thicknesses of 
15-16 km near 2 6° N latitude, 95° W longitude.
Depths to Moho in the southeastern U.S. were compiled 
from published geophysical data. Most of the data in the 
study area are based on seismic refraction surveys (Fig.




Fig. 6.2 Physiographic and bathymetry map of the Gulf of Mexico. The study area 
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Fig. 6.4 Map of depths to Mohorovicic discontinuity (crust- 
mantle boundary) from seismic refraction data (shown by 
circles) and gravity modeling study (shown by square). 
Contours dashed where no data exist .
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6.4). The shallowest Moho is approximately 14.8 km deep in 
the southeastern portion of the study area and the deepest 
is greater than 40 km near the Wiggins arch and the 
northwestern corner of the study area (Fig. 6.4). The 
pattern of contours shows a general trend of NE-SW 
elongation of the shallow Moho in the central and western 
Gulf of Mexico and another general trend of NW-SE elongation 
in the eastern Gulf of Mexico. These two trends of 
elongation correspond with the region of oceanic crust 
recognized by Buffler and Sawyer (1985) and Dunbar and 
Sawyer (1987) in the central Gulf .
Density contrasts of 1.57 g/cm^, 0.25 g/cm^, 0.3 g/cm^ 
have been assumed for the water-sediment, sedimentary rock- 




The global spherical coordinates of all data points of 
the free-air anomaly and depth data were converted into two 
dimensional cartesian coordinates of distance from a 
reference point at 23° N latitude, 96° W longitude. The 
gravity and depth data were gridded on a 10 km x 10 km mesh. 
For plotting purpose, the mesh coordinates are converted 
back into the global spherical coordinates using inverse 
Mercator projection (Snyder, 1982).
The synthetic gravity anomaly components of the water 
column, sedimentary section, and mantle above the 
compensated depth are calculated separately at each mesh 
node. The vertical component of gravitational attraction at 
a point on the boundary of an anomalous mass is computed 
using the equation;
where, G=universal gravitational constant, r=density of 
anomalous mass, and h=thickness of anomalous mass. The 
computed vertical component is transformed into surface 
measured value using the following equation;
dg (x,y,0) = 2pGrh(x,y)





where, Hmn = “  Jo Jo dg(x,y,0) Sin^pj Sin dxdy,
dz=upward continuation depth from the anomalous mass, and 1 
and h are the dimensions of the grid in x and y directions 
respectively (Nunn, 1981). The upward continuation of the 
above equation is evaluated by Fast Fourier Transform in two 
horizontal dimensions. The above procedure, calculation of 
vertical gravity component of an infinite slab at depth and 
upward continuation of that value to datum, was conducted at 
every node assuming a 0.5 km thick-infinite slab. The same 
steps were repeated for next lower slabs with an increment 
of dz by 0.5 km to the base of the anomalous layer. During 
the repeat for all slabs of the anomalous layer, the upward- 
continued gravity values of all slabs at each node are added 
at the particular node giving the gravity component of the 
anomalous layer at each node.
Gravity effects of water column, sedimentary section, and 
mantle are computed separately (Figures 6.5, 6.6, and 6.7) 
and removed from the measured free-air anomaly to produce 
Bouguer, isostatic, and crustal anomalies. Bouguer 
anomalies are acquired by removing the gravity effect of 
mass deficiency in the water column, including bathymetric 
terrain effects from the free-air gravity anomalies.
Isostatic anomalies are estimated by removing the gravity 















- 9 3 . - 9 2 . - 8 9 .- 9 1 -88. - 8 7 . -86.
L0NGITUDE
Fig. 6.5 Gravity component of water column. Gravity anomalies were calculated
the basis of three dimensionality with density anomaly of -1.57 g/cm^. Contour
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Fig. 6.6 Gravity component of sedimentary section. Gravity anomalies were
calculated on the basis of three dimensionality with density anomaly of -0.















-36. -95. -93. -92. -91. -90. -89. - 88. -87. -8 6. -85.
L0NGITUDF.
Fig. 6.7 Gravity component of Mantle. Gravity anomalies were calculated on the
basis of three dimensionality with density anomaly of + 0.3 g/cm^. Contour
interval is 25 mgal.
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compensation depth from the Bouguer anomalies. The 
compensation depth used to compute the gravity component of 
mantle in this study is 35 km. The isostatic anomaly values 
include the gravity anomaly components of both the 
sedimentary layer and the crustal layer. As the northern 
Gulf of Mexico is filled with a huge volume of sedimentary 
rocks, it is expected that removing the gravity effects of 
the sedimentary section from the isostatic anomalies will 
enhance the anomaly due to the crustal layer. Mathematical 
expressions for the above mentioned gravity anomalies are as 
follows;
Free-air anomaly dgp^ = W q  + Sq + Cq + Mc
Bouguer anomaly dg^g = dĉ FA - Wq
Isostatic anomaly dgjg = dggg - Mq
Crustal anomaly cig^g = d g j g  - S q
where, WQ=gravity component of water column, SQ=gravity 
component of sedimentary section, MQ=gravity component of 





The regional free-air gravity field shows several 
distinctive linear gravity features, some of which are 
interpreted to be related to bathymetric features and some 
of which are related to deep-seated linear structural 
features. Hall et al. (1982) interpreted regional free-air 
gravity highs as defining outer marginal basement highs 
which are commonly located at the transitional-oceanic 
crustal boundary (Fig. 6.1).
Continental shelves of the northern, eastern, and 
southern Gulf of Mexico generally have positive anomalies of 
up to 20 mgal along the Texas-Louisiana continental shelf, 
up to 50 mgal along the continental shelf off Mississippi 
and Alabama and the west Florida bank, and up to 80 mgal 
above Banco de Campeche (Fig. 6.8). As the bathymetric 
slope steepens, gravity anomalies become negative, showing 
linear minimum trends of up to -100 mgal seaward of the 
Campeche and Florida escarpments. A wide zone of negative 
anomalies is developed along the continental slope and 
continental rise in the northern Gulf of Mexico (Fig. 6.8). 
This kind of variation across a continental shelf edge 
(positive anomalies on the landward side and negative 
anomalies on the seaward side) is a common feature in the 
world ocean and is interpreted as the effect of changes in 
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Fig. 6.8 Map of free-air gravity anomaly of the Gulf of Mexico. Contoured at 
mgal interval, (modified from Pilger and Angelich, 1984; Hall et al., 1984)
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Dehlinger and Jones, 1965).
In the central Gulf, a broad area of positive anomalies 
up to a maximum of 30 mgal exists in the east-central Gulf, 
and a broad area of negative anomalies of about - 60 mgal 
exists in the deep west-central Gulf (Fig. 6.9). Most of 
the linear free-air gravity anomaly features of the Gulf of 
Mexico seem to be related to the steepening bathymetry at 
the edge of continental shelves and escarpments. A linear 
gravity high in the Sigsbee plain seems to represent a 
subsurface linear structure because there is no abrupt 
change in water depth (Fig. 6.8).
B o u g u e r  A n o m a l y
Bouguer anomaly values are computed by subtraction of the 
calculated gravity component of the water column due to its 
mass deficiency from the free-air anomaly values. The 
maximum value of the Bouguer correction is about 240 mgal in 
the west-central Gulf, deepest part of the Gulf (Fig. 6.5).
Most of the Gulf has positive Bouguer anomalies and the 
anomaly values generally increase toward the central high 
zone which extends from southwestern to eastern Gulf (Fig.
6.10). There are two trends of high Bouguer anomaly values: 
(1) a NE-SW trend of up to 190 mgal in the west-central Gulf 
and (2) a NW-SE trend of up to 195 mgal in the east-central 
Gulf. These gravity high trends generally match well with 
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Fig. 6.10 Map of Bouguer anomaly of the Gulf of Mexico. Contoured at 25 mgal.
147
148
contour pattern of Bouguer anomalies is very similar to that 
of Moho depth. This means the Bouguer anomalies were 
dominantly affected by the Moho configuration in the study 
area. The greatest Bouguer anomaly (195 mgal) is found in 
the strait between Campeche bank and Florida bank (Fig.
6.10) where seismic refraction velocities indicate the Moho 
is shallowest (< 15 km) in the Gulf. The central Bouguer 
gravity high also matches the expected extent of oceanic 
crust. Therefore, the central Bouguer gravity high 
apparently includes the effect of relatively dense oceanic 
crust and mantle (3.0 g/cm^ and 3.3 g/cm^, respectively, as 
compared to continental crust, 2.75 to 3.0 g/cm^). The 
disappearance of positive free-air gravity highs from the 
continental shelves in the Bouguer anomaly map indicates 
that those free-air gravity highs are mainly bathymetric 
edge effects of the continental shelf edges.
Steep gradients in Bouguer anomalies surrounding the 
central high zone may be due to increasing Moho depth and 
density contrasts within the crustal layer near the oceanic 
crust-transitional crust boundary (Fig. 6.11).
Isostatic Anomaly
The isostatic anomaly map (Fig. 6.12) shows regional 
negative anomalies in the continental shelf, continental 
slope, and continental rise of the circum-Gulf of Mexico and 
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Fig. 6.11 N-S profiles of Bouguer anomalies spaced 30' 













-98. -95. -94. -93. -92. -90.-91. -89. -88. -87. -86. -85.
L0NGITUDE
Fig. 6.12 Map of isostatic anomaly of the study area. Contoured with 25 mgal 
interval.
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Gulf of Mexico. As the mass deficiency effect of the water 
column and the mass surplus effect of the mantle have been 
largely removed from the isostatic anomalies, the isostatic 
anomaly variations are interpreted as indicating density 
variations within the sedimentary layer and the crustal 
layer. The sedimentary section is thought to have 
decreasing density from continental shelf to deep basin due 
to changes in lithology and age at same depth level. In 
other words, the relatively older age of sedimentary rocks 
updip and the existence of buried carbonate platforms 
beneath the northern Gulf coast produce a basinward 
decrease in density. This fact could effectively decrease 
the central gravity high in the central Gulf. Therefore, 
the central isostatic anomaly high in the central Gulf of 
Mexico implies the existence of a crustal layer which has 
higher density than the crustal layer beneath the 
continental margin (continental shelf and continental 
slope). The central isostatic anomaly maximum, which has a 
relative maximum of about 100 mgal compared to its flanking 
relative minimas, is interpreted as reflecting oceanic 
crust. The isostatic anomaly profiles show mostly negative 
anomalies (Fig. 6.13) and the regional negative anomaly has 
been attributed to the sedimentary overburden, which has 
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The crustal anomaly map (Fig. 6.14) shows two NNE-SSW 
belts of relatively high gravity anomalies separated by an 
intervening relatively low gravity anomaly zone in the 
northern and central Gulf of Mexico (Fig. 6.14 and Fig.
6.15). The N-S profiles of crustal anomalies show a 
generally northward increasing trend (up to 130 mgal) above 
the Texas-Louisiana continental shelf and the northern Gulf 
Coastal area. This trend may represent either of two 
effects: geologic controls and poorly constrained depths to 
basement and the Mohorovicic discontinuity in the area. 
Geologic effects include a possible changes in lithology. 
Abrupt lateral changes in refraction velocity layering in 
the sedimentary section are found beneath the Texas- 
Louisiana continental shelf (Ibrahim et al., 1981; Antoine 
and Ewing, 1963). The post-MCU (mid-Cretaceous 
unconformity) sedimentary rocks beneath the Texas-Louisiana 
shelf have higher velocities relative to the sedimentary 
rocks of the deep Gulf. The high velocity zone may 
corresponds with the positive free-air gravity anomaly in 
the area; that is, the sedimentary component may not have 
been completely removed from the calculated crustal anomaly.
The inferred synclinal structure of the northern Gulf of 
Mexico should be compensated by upwarping of the Mohorovicic 
discontinuity, according to Airy-type isostasy. However, as 
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Fig. 6.15 N-S profiles of crustal anomaly spaced 30' apart.
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the anomalous thickness of the sedimentary section in the 
area, a linear northward decreasing Moho depth was used in 
the calculation of isostatic corrections. This probably 
results in an insufficient isostatic correction and 
contributes to the relatively high crustal anomaly in the 
northern Gulf of Mexico.
As the calculated gravity effect of the sedimentary layer 
was subtracted from the isostatic anomaly, the crustal 
anomaly should, ideally, represent the density variations in 
the crustal layer, which consists of oceanic crust, upper 
continental crust, lower continental crust, and early rift 
stage blocks. The crustal anomaly profiles show a 
centrally-located belt of highs, characterized by two 
gravity minima on the north and south flanks of the central 
maximum (Fig. 6.15). The central maximum has steep 
gradients on both the south and north flanks (Fig. 6.16), 
which may be interpreted to result from the sharp density 
variation within the crystalline crustal layer at the 
oceanic - transitional crust boundary. However, the 
location of the oceanic - transitional crust boundary, based 
on seismic reflection data (Buffler and Sawyer, 1985; 
Rosenthal, 1987), shows an oceanward offset from the 
position of the steep gradient on the southern flank (Fig.
6.16). The northern flank of the central gravity high belt 
is mapped to have some northward offset from the southern 
limit of the salt, which is considered by some workers 
(e.g., Buffler and Sawyer, 1985; Pindell, 1985) to be the
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approximate northern limit of the oceanic crust in the Gulf 
of Mexico. In other words, the steep gravity gradients in 
the crustal anomalies exist outside of the oceanic crust in 
the central Gulf . This phenomenon can be understood by 
comparison with other margins. The existence of the outer 
marginal highs at the crustal boundary have been reported in 
many passive continental margins (e.g., Buffler et al.,
1980; Schuepbach, M. A. and P. R. Vail, 1980; Rosenthal, 
1987). A detailed study of the structure of the outer 
marginal highs and the results of modeling their gravity 
effects is presented in the following section.
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CRUSTAL AN0MALY






Fig. 6.16 Linear continuation of the steep gravity changes 
in the crustal anomaly profiles. Dots represent for 
locations of the oceanic - transitional crust boundary (from 
Buffler and Sawyer, 1985; Rosenthal, 1987).
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CRUSTAL STRUCTURES AND GRAVITY EFFECTS
The results of three-dimensional gravity modeling 
indicate that the steep gravity gradient exists somewhat 
outside of the oceanic crust in the Gulf of Mexico (Fig.
6.16). This means that the gravity effect of the density 
contrast between oceanic crust and transitional crust may be 
concealed by other factors, such as another kind of sharp 
density contrast outside the oceanic - transitional crustal 
boundary. Outer basement highs at the boundary could 
explain the offset between the oceanic crust - transitional 
crust boundary and the steep gravity gradient. Figure 6.17 
shows a possible outer basement high near the oceanic crust- 
transitional crust boundary, based on multichannel seismic 
reflection data in the southern Gulf of Mexico (Lin, 1984).
Three kinds of density contrasts may exist near the 
oceanic crust - transitional crustal boundary, assuming the 
presence of outer basement high: (1) contrast between
oceanic crust and transitional crust, (2) contrast between 
sedimentary rock on the top of the oceanic crust and the 
outer basement high, and (3) density contrast between the 
outer basement high and the sedimentary rocks or evaporites 
of the early rift stage. All three density contrasts will 
produce distinctive gravity edge effects.
A simplified model study shows the relationship of 
gravity edge effects of the three kinds of density contrasts 
near the crustal boundary (Fig. 6.18). In the structural
NW SE
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Fig. 6.17 A N-S schematic section across the western part of Sigsbee salt basin 
based on the interpretation of seismic reflection data. It shows a possible 
existence of the outer basement high at the oceanic crust - transitional crust 
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Fig. 6.18 A model study for the subsurface structure near 
the crustal boundary. Three density contrasts are shown and 
their gravity effects are computed.
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model, the oceanic crust is adjacent to the transitional 
crust in the depth range of 12 - 18 km. The upper 2 km of 
oceanic crust abuts upper continental crust, giving 0.25 
g/cm^ of density contrast. The lower 4 km abuts lower 
continental crust giving no density anomaly. The 
sedimentary rocks on top of the oceanic crust, prograding 
sediments of drift phase, are assumed to have a density of 
2.55 g/cm^, producing a density anomaly of -0.2 g/cm^, and 
those on top of the thin transitional crust, sediments of 
early rift phase or shallow marine sediments including 
evaporites of the late rift stage, are assumed to have a 
density of 2.35 g/cm^, producing a density anomaly of -0.4 
g / c m T h e  gravity anomaly generated by the mass anomaly of 
the oceanic crust is somewhat cancelled out by the gravity 
anomaly generated by the mass deficiency of the sediment 
overburden. The gravity anomaly from the mass deficiency of 
the early to late rift stage sedimentary rocks and 
evaporites causes a steep gradient at the landward edge of 
the outer basement high. This steep gradient may remain in 
the measured free-air gravity anomalies, Bouguer anomalies, 
isostatic anomalies, and crustal anomalies. Therefore, the 
steep gradient in gravity anomalies has a landward offset of 
the same width as does the marginal basement high from the 
oceanic crust - transitional crust boundary.
In some cases, the tops of the outer marginal highs are 
reported to have the same level as the top of the oceanic 
crust, which may indicate that the oldest oceanic crust was
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formed near sea level (Schuepbach and Vail, 1980). In these 
cases, the gravity gradient will be more gentle than the 
above model. The existence of a possible outer basement 
high at the crustal boundary in the southern Gulf of Mexico 
has been reported to have a height of about 2 km and a few 
tens of km width based on seismic reflection data (Buffler 
et al., 1980). The offset between the oceanic - 
transitional crustal boundary and the steep gravity gradient 
in the profiles of free-air, Bouguer, isostatic, and crustal 
anomalies at the southern boundary can be explained by the 
existence of the outer basement highs. In this context, the 
northern limit of the oceanic crust should exist in the 
southern part of the steep gravity gradient. The oceanic 
crust - transitional crust boundary interpreted from the 
seismic profile LSU-1 (Chapter V) is located about 40 km 
south of the steep gravity gradient (Fig. 6.19). The 
northern limit of the oceanic crust in the Gulf of Mexico 
probably lay about 20 to 50 km south of the steep gravity 
gradient belt, which approximately coincides with the 
southern limit of the inferred autochthonous early to middle 
Jurassic salt (Fig. 6.20).
Figure 6.21 shows a general picture of the subsurface 
structure along 88° 30' W longitude based on comparison of 
the observed and calculated free-air gravity anomalies. The 
model was constrained by available geological and 
geophysical data. The densities assumed in the calculation 
of gravity anomalies are summarized in Table 6.1. The model
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Fig. 6.19 Extent of oceanic crust in the Gulf of Mexico. Solid line’ represents 
for the oceanic crust - transitional crust boundary constrained by multichannel 
seismic data (Buffler and Sawyer, 1985; Rosenthal, 1987) and broken line 
represents for the boundary defined by this study. represents for the
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F i g .  6.20 Relations of the steep gravity gradient belt, oceanward limits of salt 
distribution, and the oceanic crust in the central Gulf.
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Table 6.1 Assumed densities of each layer used in two-






Late Cretaceous - Tertiary 2.35
Pre-MCU 2 . 55
Salt 2.20
CRUST
Upper Continental Crust 2.75
Lower Continental Crust 3.00
MANTLE 3.30
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matches oceanic crust with the the central free-air gravity 
high zone and emphasizes the contrast between the upper 
continental crust and lower continental crust. An outer 
marginal high which is 20 km wide and 2 km high is located 
at the crustal boundary. The landward side of the outer 
marginal high is filled with pre-drift evaporites of density 
anomaly -0.4 g/cm^. The basinward side of the outer 
marginal high is filled with post-drift sediments of density 
anomaly -0.2 g/cm^.
Observed free-air gravity anomalies coincide well with 
computed anomalies over the given model. Although the 
gravity modeling does not give an unique solution for a 
subsurface structure, the geophysical constraints on 
thickness of sedimentary section and Moho depth provides 
constraints for a general subsurface structure across a 
passive continental margin in the northern Gulf of Mexico.
In particular, the subsurface model indicates the position 
of the upper continental crust-lower continental crust 
boundary as shown in Fig. 6.21.
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Fig. 6.21 Two-dimensional gravity modeling along 88° 30* across a passive 
continental margin in the northern Gulf of Mexico.
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EXTENT OF OCEANIC CRUST AND TECTONIC IMPLICATIONS
This study outlines the northern and southern limits of 
oceanic crust in the central Gulf of Mexico. The southern 
limit of oceanic crust coincides well with the results from 
other data sets such as seismic reflection data (Buffler and 
Sawyer, 1985) and free-air gravity anomaly data (Hall et 
al., 1982).
The results of this study suggest that the oceanic - 
transitional crustal boundary in the northern Gulf exists 
somewhat south of the autochthonous salt body. Therefore, 
the limits of oceanic crust in the Gulf narrows to the east. 
The northern limit of the oceanic crust seems to be little 
north of the present Sigsbee Escarpment in the central Gulf 
(Fig. 6.21). This result seems reasonable considering 
estimates of 10 - 90 km of lateral migration of salt over 
the late Cenozoic sediments into the deep Gulf (Watkins et 
al., 1978; Buffler and Sawyer, 1985). The northern limit of 
the oceanic crust based on the gravity modeling 
approximately coincides with that based on the study of 
total tectonic subsidence, in which the oceanic crust was 
associated with the region having greater value than 6 km in 
total tectonic subsidence and than 4.5 in crustal extension 
coefficient (Dunbar and Sawyer, 1987).
Ocean bottom seismographic (OBS) studies indicate that 
beneath the continental slope and continental shelf in the 
northwestern Gulf of Mexico, there are basement layers
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having refraction velocity ranges of 5.0 to 6.1 km/sec 
(Nakamura et al., 1988; Ebeniro et al., 1988). The velocity 
range of the layer is too low for the layer to be 
interpreted as oceanic crust, even though free-air gravity 
anomaly data (Hall et al., 1982) and refraction velocity 
data (Ibrahim and Uchupi, 1982) indicate that the area 
overlies oceanic crust. The basement layer (velocity ranges 
from 6.4 - 7.1 km/sec at the top of the layer to 7.4 - 7.5 
km/sec at the bottom of the layer) just the south of Sigsbee 
Escarpment (Ebeniro et al., 1988) may be interpreted as 
oceanic crust. The OBS refraction data support our 
interpretation that the Texas-Louisiana continental shelf 
lies on thinned and subsided continental crust and that the 
oceanic - transitional crustal boundary exists slightly 
north of the Sigsbee escarpment in the northern Gulf of 
Mexico.
A general consensus has developed that the Gulf of Mexico 
formed as the result of continental breakup between North 
America and Gondwanaland (south America and Africa) in the 
early to middle Mesozoic (e.g., Pilger, 1981). Further, all 
contemporary models concerning the origin of the Gulf place 
oceanic crust at the center of the basin. As the location 
of the oceanic - transitional crustal boundary is a key 
element in accurate reconstruction of the continental 
terrains, the uncertainty concerning the northern boundary 
of oceanic crust in the Gulf of Mexico has invoked several 
possible opening models as explained in Chapter II. The
nature of eastward narrowing of the oceanic crust in the 
Gulf supports the opening models which are based on the 
southeastward counterclockwise movement of the Yucatan 
peninsula (Pindell, 1985; Buffler and Sawyer, 1985; Dunbar 
and Sawyer, 1987), although NW-SE trending en echelon 
transform faults could also be invoked to explain the 
dimensions of the oceanic crust in models which open the 
Gulf in a NW-SE direction (e.g., Pilger, 1981; Klitgord et 
al., 1984).
The result of this study offers some general correlation 
between the transitional-oceanic crustal boundary and the 
limit of salt distribution in the Gulf of Mexico. This 
implies that sea-floor spreading in the Gulf of Mexico was 
post-salt (e.g., Buffler et al., 1980) rather than a syn- 
salt deposition event (Hall et al., 1982), as suggested by 
the northern location of the boundary constrained by the 




Three-dimensional calculations of gravity components of 
water, mantle, and sedimentary rock provide regional maps 
for Bouguer anomalies, isostatic anomalies, and crustal 
anomalies in the northern and central Gulf of Mexico.
North-south profiles of free-air, Bouguer, isostatic, and 
crustal anomalies indicate a gravity maximum in the central 
Gulf of Mexico which is interpreted as an effect of oceanic 
crust. The common features in free-air and isostatic 
anomaly profiles, together with the small values in free-air 
anomalies, indicate that the Gulf of Mexico is isostatically 
well compensated.
The flanking steep gravity gradients at both the 
southern and the northern boundary of the gravity high belt 
are interpreted as a gravity edge effect from the density 
contrast between the continental crust and rift stage 
sediments and/or evaporites at the landward side of the 
outer basement high.
Two-dimensional calculation of the free-air gravity 
anomaly on the geologically and geophysically constrained 
model along 88° 30' W longitude line produce a model of 
crustal structure, especially the configuration of the 
boundary between the upper and lower continental crust.
The northern boundary between oceanic crust and 
transitional crust is located south of the basinward limits 
of the autochthonous early to middle Jurassic, which was
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apparently controlled by the outer marginal highs. The 
defined northern crustal boundary shows an eastward 
narrowing of oceanic crust in the central Gulf of Mexico. 
Unfortunately, this does not adequately distinguish between 




Multichannel deep seismic reflection data across a 
passive continental margin in the northern Gulf of Mexico 
have been acquired, processed, and interpreted. The seismic 
sections give a general picture of sedimentary and crustal 
structure along the seismic profile. The northern Gulf is 
underlain by 8 - 16 km thick sedimentary rocks. The top of 
continental crust occurs at a depth of about 8 km in the 
upper Mississippi - Alabama continental shelf and is 
characterized by horst and graben structures. The top of 
oceanic crust occurs at a depth of about 12 km in the deep 
Gulf of Mexico. The oceanic crust - transitional crust 
boundary is well defined around 27° 16' N in the profile by 
oceanward limit of onlap termination of early Jurassic pre­
salt sedimentary rocks and the differences in the reflection 
characteristics between top of oceanic crust and top of 
transitional crust.
The seismic section of continental shelf and continental 
slope shows four distinct shelf edges; Jurassic, early 
Cretaceous, mid-Oligocene, and present. The Jurassic shelf 
margin and the early Cretaceous carbonate shelf margin seem 
to occur at the same latitudinal location. The Oligocene 
shelf margin occurs landward of the the early Cretaceous 
shelf margin. This result is different from previously 
reported relative location between the two paleo-shelf edges
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in the study area.
Sequence stratigraphic study defines ten seismic 
sequences since the time of opening of the Gulf of Mexico. 
The correlation of the sequence boundaries defined in this 
study with those of other areas of the eastern Gulf and the 
northern Gulf Coast indicates that unconformities of mid- 
Miocene (10.5 m.y.), mid-Oligocene (30 m.y.), mid-Cretaceous 
(97 m.y.), and top Jurassic (131 m.y.) ages are commonly 
found as major regional unconformities.
The depositional history of this part of the northern 
Gulf margin can be divided into three main depositional 
periods: (1) shallow marine deposition from the opening of 
the Gulf to mid-Cretaceous time, (2) deep marine deposition 
from Cretaceous to mid-Oligocene, and a return to (3) 
shallow marine deposition since the mid-Oligocene. The 
comparison of depositional rates between the study area and 
the Destin dome area indicates that the characterization of 
the northern Gulf of Mexico continental margin as a 
terrigenous sediment wedge province had initiated in late 
Cretaceous time.
The results of three-dimensional gravity modeling show 
there is a gravity high zone which has a SW - NE trending in 
the west-central Gulf of Mexico and a NW - SE trending in 
the east-central Gulf of Mexico. The central high Gravity 
zone is bounded by steep gravity gradient on both northern 
and southern flanks. Comparison of the location the oceanic 
crust - transitional crust boundary, defined by seismic
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reflection data, and the location of steep gravity gradient 
suggest the existence of outer marginal highs of about 20 - 
50 km wide surrounding the oceanic crust. The northern 
limit of the oceanic crust is located at about 20 - 50 km 
south of the steep gravity gradient belt in the northern 
Gulf where the salt body inhibits the imaging of the deeper 
structures. The extent of the oceanic crust shows eastward 
narrowing of the oceanic crust in the central Gulf. This 
fact supports the opening models of the Gulf of Mexico which 
assume the southeastward and clockwise rotation of the 
Yucatan peninsula.
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* Conversion of CDP Number to Shot Point Number 
Shot Point Number = (CDP Number - 372)/4
Ifk'k'k'k'k'k'k'k'k'k'kiK'k'k'kitff'k'k'k'kit'k'k'klc'k'k'kickit'k'klcit'kit'k
12: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 3.909 1.550 1.758 0.623 3.023
3 4.283 1.600 2.051 0.384 3.407
4 4.630 1.650 2.174 0.377 3.784
5 4.831 1.700 2.598 0.261 4.045
6 5.178 1.750 2.338 0.406 4.451
7 5.477 1.800 2.513 0.376 4.826
8 6.072 1.900 2.649 0.788 5.614
9 6.557 2.000 2.980 0.723 6.337
10 7.846 2.450 4.024 2.593 8.930
11 8.394 2.500 3.129 0.857 9.788
12 8.910 2.550 3.257 0.840 10.628
12: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 4.000 1.550 1.736 0.694 3.094
3 4.240 1.600 2.277 0.273 3.368
4 4.800 1.650 1.988 0.557 3.924
5 5.464 1.800 2. 642 0.877 4.801
6 5.760 1.850 2.606 0.386 5.187
7 6.064 1.950 3.317 0.504 5.691
8 6.576 2.050 2. 990 0.765 6.457
9 7 .232 2.100 2.548 0.836 7.292
10 7.864 2.300 3.919 1.238 8.531
11 8.400 2.350 2.989 0.801 9.332
12 9.188 2.700 5.112 2.014 11.346
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.212 1.500 1.500 2.409 2.409
2 4.040 1.550 1.730 0.716 3.125
3 4.664 1.650 2.190 0.683 3.809
4 5.348 1.800 2.602 0.890 4.698
5 6.060 1.950 2.833 1.009 5.707
6 6.584 2.000 2.507 0.657 6.364
7 7.864 2.300 3.453 2.210 8.574
8 8.420 2.350 2.968 0.825 9.399
9 9.240 2.450 3.306 1.356 10.755
10: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 4.000 1.550 1.736 0.694 3.094
3 4.244 1.600 2.268 0.277 3.371
4 4.592 1.650 2.169 0.377 3.748
5 4.950 1.700 2.245 0.402 4.150
6 5.360 1.800 2.732 0.560 4.710
7 6.050 1.950 2.859 0.986 5.696







9 7.832 2.250 3.247 2.065 8.404
10 8.420 2.500 4.698 1.381 9.785
10: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 3.800 1.550 1.793 0.538 2.938
3 4.300 1.600 1.938 0.485 3.423
4 5.360 1.750 2.259 1.197 4.620
5 5.756 1.800 2.375 0.470 5.090
6 6.080 1.900 3.191 0.517 5.607
7 6.616 1.950 2.447 0.656 6.263
8 7.820 2.100 2.784 1.67 6 7.938
9 8.348 2.350 4.690 1.238 9.177
10 9.216 2.400 2.836 1.231 10.407
11: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.260 1.500 1.500 2.445 2.445
2 3.908 1.550 1.780 0.577 3.022
3 4.280 1.600 2.053 0.382 3.404
4 4.560 1.650 2.282 0.319 3.723
5 4.900 1.700 2.266 0.385 4.108
6 5.360 1.800 2.640 0.607 4.716
7 5.792 1.850 2.385 0.515 5.231
8 6.064 1.900 2.757 0.375 5.606
9 6.944 2.100 3.150 1.386 6.992
10 7.856 2.300 3.463 1.579 8.571
11 8.400 2.550 4.900 1.333 9.904
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 3.900 1.550 1.761 0.616 3.016
3 4.580 1.600 1.861 0.633 3.649
4 4.900 1.650 2.247 0.359 4.008
5 5.400 1.800 2.883 0.721 4.729
6 6.200 1.950 2.757 1.103 5.832
7 6.750 2.050 2.952 0.812 6.644
8 7.856 2.200 2.955 1.634 8.278
9 8.384 2.350 3.959 1.045 9.323
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.250 1.500 1.500 2.438 2.438
2 4.160 1.550 1.717 0.781 3.219
3 4.720 1.650 2.258 0.632 3.851
4 5.480 1.800 2.540 0. 965 4.816
5 5.864 1.900 2.982 0.572 5.389
6 6.200 1.950 2.676 0.450 5.838
7 7.856 2.250 3.127 2.589 8.428
8 8.396 2.500 4.850 1.310 9.737
11: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.260 1.500 1.500 2.445 2.445
2 4.184 1.550 1.715 0.792 3.237






4 4.700 1.650 2.608 0.235 3.829
5 5.240 1.750 2.454 0.663 4.492
6 5.440 1.800 2.809 0.281 4.773
7 5.820 1.850 2.457 0.467 5.239
8 6.000 1.900 3.110 0.280 5.519
9 7.856 2.200 2.969 2.755 8.275
10 8.372 2.450 4.868 1.256 9.531
11 9.200 2.600 3.797 1.572 11.103
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.236 1.500 1.500 2.427 2.427
2 4.200 1.550 1.707 0.823 3.250
3 4.580 1.650 2.502 0.475 3.725
4 5.440 1.800 2.449 1.053 4.778
5 5.800 1.900 3.033 0.546 5.324
6 5.970 1.950 3.220 0.274 5.598
7 7.200 2.150 2.933 1.804 7.402
8 7.840 2.250 3.164 1.013 8.414
9 8.320 2.450 4.621 1.109 9.523
10: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 4.000 1.550 1.736 0.694 3.094
3 4.496 1.650 2.303 0.571 3.665
4 5.036 1.750 2.428 0.655 4.321
5 5.320 1.800 2.527 0.359 4.680
6 5.780 1.900 2.809 0.646 5.32 6
7 5.950 1.950 3.217 0.273 5.599
8 6.930 2 .200 3.338 1.635 7.235
9 7.832 2.300 2.958 1.334 8.568
10 8.324 2.500 4.640 1.142 9.710
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.190 1.500 1.500 2.393 2.393
2 4.112 1.550 1.712 0.789 3.182
3 4.450 1.600 2.116 0.358 3.539
4 5.040 1.750 2.618 0.772 4.311
5 5.560 1.850 2.629 0.684 4.995
6 5.900 1.900 2.584 0.439 5.434
7 7.028 2.200 3.358 1.894 7.328
8 7.800 2.300 3.064 1.183 8.511
9 8.280 2.500 4.674 1.122 9.632
8: ;iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.280 1.500 1.500 2.460 2.460
2 4.000 1.550 1.760 0.634 3.094
3 4.480 1.600 1.968 0.472 3.566
4 5.300 1.800 2.637 1.081 4.647
5 5.880 1.900 2.644 0.767 5.414
6 6.200 1.950 2.709 0.433 5.847
7 6.800 2.050 2.887 0.866 6.714
8 7.760 2.250 3.340 1.603 8.317






LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.200 1.500 1.500 2.400 2.400
2 4.016 1.550 1.732 0.707 3.107
3 4.500 1.600 1.966 0.476 3.583
4 5.220 1.800 2.737 0.985 4.568
5 5.860 1.900 2.574 0.824 5.392
6 6.200 2.000 3.274 0.557 5.948
7 6.800 2.100 2.941 0.882 6.830
8 7.600 2.200 2.915 1.166 7.996
9 8.200 2.500 4.910 1.473 9.469
8::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.180 1.500 1.500 2.385 2.385
2 3.720 1.550 1.817 0.491 2.876
3 4.064 1.600 2.065 0.355 3.231
4 5.248 1.800 2.361 1.398 4.628
5 5.800 1.900 2.670 0.737 5.365
6 6.080 1.950 2.791 0.391 5.756
7 6.720 ' 2.050 2.829 0.905 6.661
8 7.584 2.250 3.428 1.481 8.142
8 : :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-T1ME Vrms Vint THICKNESS DEPTH
1 3.168 1.500 1.500 2.376 2.376
2 4.200 1.600 1.874 0.967 3.343
3 4.768 1.700 2.309 0.656 3.999
4 5.344 1.800 2.477 0.713 4.712
5 5.792 1.900 2.833 0.635 5.347
6 6.280 2.050 3.352 0.818 6.164
7 7.560 2.300 3.260 2.086 8.251
8 8.848 2.650 4.146 2.670 10.921
8::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.136 1.500 1.500 2.352 2.352
2 4.120 1.600 1.884 0.927 3.279
3 4.830 1.700 2.192 0.778 4.057
4 5.184 1.800 2.831 0.501 4.558
5 6.080 2.000 2.898 1.298 5.856
6 6.700 2.100 2.904 0.900 6.756
7 7.552 2.250 3.193 1.360 8.116
8 8.160 2.500 4.583 1.393 9.510
9::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC 6 KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 3.072 1.500 1.500 2.304 2.304
2 4.030 1.600 1.885 0.903 3.207
3 4.520 1.700 2.367 0.580 3.787
4 5.150 1.800 2.398 0.755 4.542
5 5.600 1.900 2.801 0.630 5.173
6 6.000 2.000 3.076 0.615 5.788
7 6.670 2.150 3.193 1.070 6.858
8 7.680 2.350 3.386 1.710 8.568
9 8.140 2.550 4.782 1.100 9.667
8 : :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
193
1 2.976 1.500 1.500 2.232 2.232
2 3.720 1.550 1.736 0.646 2.878
3 4.200 1.650 2.281 0.547 3.425
4 4.520 1.700 2.256 0.361 3.786
5 4.800 1.750 2.418 0.339 4.125
6 5.664 1.950 2.813 1.215 5.340
7 6.672 2.200 3.266 1.646 6.986
8 7.664 2.550 4.205 2.086 9.072
11: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.896 1.500 1.500 2.172 2.172
2 3.800 1.600 1.885 0.852 3.024
3 4.200 1.650 2.065 0.413 3.437
4 4.470 1.700 2.344 0.316 3.754
5 4.784 1.750 2.349 0.369 4.122
6 5.040 1.850 3.186 0.408 4.530
7 5.480 1.950 2.856 0.628 5.158
8 5.880 2.000 2.590 0.518 5.676
9 6.608 2.100 2.779 1.011 6.688
10 7.616 2.350 3.580 1.804 8.492
11 8.050 2.550 4.868 1.056 9.548
11::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.816 1.500 1.500 2.112 2.112
2 3.936 1.600 1.827 1.023 3.135
3 4.170 1.650 2.336 0.273 3.409
4 4.440 1.700 2.340 0.316 3.725
5 5.150 1.850 2.599 0.922 4.647
6 5.552 1.950 2.945 0.592 5.239
7 5.800 2.000 2.902 0.360 5.599
8 6.352 2.150 3.341 0. 922 6.521
9 6.720 2.250 3.558 0.655 7.176
10 7.584 2.400 3.344 1.445 8.620
11 8.000 2.550 4.476 0.931 9.551
4600
4800
LI::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.736 1.500 1.500 2.052 2.052
2 3.480 1.550 1.721 0.640 2.692
3 3.900 1.600 1.966 0.413 3.105
4 4.420 1.700 2.316 0.602 3.707
5 5.040 1.850 2.687 0.833 4.540
6 5.480 1.950 2.856 0.628 5.169
7 5.808 2.000 2.702 0.443 5.612
8 6.288 2.100 3.061 0.735 6.346
9 6.680 2.200 3.426 0.671 7.018
10 7.550 2.350 3.281 1.427 8.445
11 7.984 2.550 4.853 1.053 9.498
9::CDP NUMBER AND NUMBER <OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.645 1.500 .1.500 1.984 1.984
2 3.811 1.600 1.806 1.053 3.037
3 4.346 1.700 2.289 0.612 3.649








5 5.386 1.900 3.058 0.498 4.975
6 5.740 2.000 3.152 0.558 5.533
7 6.240 2.100 3.019 0.755 6.288
8 7.560 2.250 2.854 1.884 8.172
9 7.905 2.450 5.158 0.890 9.061
6: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.528 1.500 1.500 1.896 1.896
2 3.600 1.600 1.814 0.972 2.868
3 4.684 1.800 2.345 1.271 4.139
4 5.776 2.000 2.694 1.471 5.610
5 6.976 2.300 3.391 2.035 7.645
6 7.840 2.800 5.332 2.303 9.948
6: :(CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-T1ME Vrms Vint THICKNESS DEPTH
1 2.480 1.500 1.500 1.860 1.860
2 3.712 1.650 1.917 1.181 3.041
3 4.928 1.850 2.358 1.434 4.474
4 5.648 2.050 3.089 1.112 5.586
5 6.300 2.250 3.537 1.153 6.739
6 7.200 2.400 3.262 1.468 8.207
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.496 1.500 1.500 1.872 1.872
2 3.184 1.550 1.719 0.591 2.463
3 3.900 1.650 2.036 0.729 3.192
4 5.216 1.900 2.498 1.644 4.836
5 5.904 2.050 2.949 1.014 5.850
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.496 1.500 1.500 1.872 1.872
2 3.168 1.550 1.723 0.57 9 2.451
3 4.112 1.700 2.127 1.004 3.455
4 5.200 1.950 2.693 1.465 4.920
5 6.400 2.850 5.181 3.109 8.029
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.592 1.500 1.500 1.944 • 1.944
2 3.472 1.600 1.864 0.820 2.764
3 4.400 1.750 2.223 1.032 3.796
4 5.424 1.950 2.642 1.353 5.148
5 6.500 2.450 4.134 2.224 7.373
7::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.640 1.500 1.500 1.980 1.980
2 3.248 1.550 1.751 0.532 2.512
3 4.390 1.750 2.223 1.269 3.781
4 4.750 1.850 2.795 0.503 4.284
5 5.100 1.950 2.993 0.524 4.808










7 7.500 2.900 4.591 4.132 9.868
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrins Vint THICKNESS DEPTH
1 2.768 1.500 1.500 2.076 2.076
2 3.616 1.600 1.890 0.801 2 .877
3 4.608 1.850 2.563 1.271 4.148
4 6.256 2.450 3.635 2.996 7.144
4 : : CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.736 1.500 1.500 2.052 2.052
2 3.248 1.550 1.794 0.459 2.511
3 3.584 1.650 2.412 0.405 2.916
4 4.336 2.300 4.186 1.574 4.490
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.688 1.500 1.500 2.016 2.016
2 3.184 1.550 1.797 0.446 2.462
3 3.920 1.700 2.236 0.823 3.284
4 5.072 2.650 4.592 2.645 5.929
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.784 1.500 1.500 2.088 2.088
2 3.264 1.550 1.813 0.435 2.523
3 3.760 1.650 2.197 0.545 3.068
4 5.200 2.700 4.384 3.156 6.224
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.736 1.500 1.500 2.052 2.052
2 3.100 1.550 1.884 0.343 2.395
3 3.500 1.650 2.281 0.456 2.851
4 4.432 2.250 3.722 1.734 4.585
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.768 1.500 1.500 2.076 2.076
2 3.424 1.650 2.172 0.712 2.788
3 3.920 2.100 4.007 0.994 3.782
4 4.400 2.300 3.532 0.848 4.630
6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.656 1.500 1.500 1.992 1.992
2 3.024 1.550 1.872 0.344 2.336
3 3.376 1.600 1.978 0.348 2.685
4 3.712 1.750 2.848 0.478 3.163
5 4.700 2.400 3.987 1.969 5.133
6 5.500 2.900 4.897 1.959 7.091
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.544 1.500 1.500 1.908 1.908
2 3.392 1.650 2 .035 0.863 2.771








4 5.300 2.250 2.250 1.517 5.515
4::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.432 1.500 1.500 1.824 1.824
2 2.896 1.550 1.789 0.415 2.239
3 3.520 1.700 2.270 0.708 2.947
4 4.336 2.600 4.843 1.976 4.923
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.528 1.500 1.500 1.896 1.896
2 3.024 1.550 1.783 0.442 2.338
3 3.488 1.650 2.193 0.509 2.847
4 3.808 1.750 2.602 0.416 3.263
5 5.008 2.600 4.300 2.580 5.843
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.368 1.500 1.500 1.776 1.776
2 2.784 1.550 1.808 0.376 2.152
3 3.152 1.650 2.268 0.417 2.569
4 3.456 2.150 4.932 0.750 3.319
5 4.400 2.900 4.720 2.228 5.547
4::CDE' NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.208 1.500 1.500 1.656 1.656
2 2.688 1.550 1.762 0.423 ' 2.079
3 3.216 1.650 2.086 0.551 2.630
4 4.144 2.450 4.168 1.934 4.563
10::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.160 1.500 1.500 1.620 1.620
2 2.544 1.550 1.806 0.347 1.967
3 3.024 1.600 1.842 0.442 2.409
4 3.776 1.750 2.255 0.848 3.257
5 4.528 1.850 2.287 0.860 4.116
6 4.704 1.950 3.685 0.324 4.441
7 5.380 2.100 2.939 0.993 5.434
8 6.448 2.500 3.939 2.104 7.538
9 7.700 3.100 5.188 3.248 10.785
10 8.800 3.800 6.946 3.820 14.606
9::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2,100 1.500 1.500 1.575 1.575
2 2.720 1.550 1.709 0.530 2.105
3 3.200 1.650 2.130 0.511 2.616
4 3.570 1.750 2.450 0.453 3.069
5 4.130 1.850 2.391 0.670 3.739
6 4.590 1.900 2.301 0.529 4.268
7 5.670 2.150 2.988 1.613 5.881
8 7.040 2.500 3.604 2.468 8.349








9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.064 1.500 1.500 1.548 1.548
2 2.672 1.550 1.709 0.519 2.067
3 3.200 1.650 2.084 0.550 2.618
4 3.712 1.750 2.278 0.583 3.201
5 4.480 1.950 2.716 1.043 4.244
6 5.168 2.100 2.892 0.995 5.239
7 5.808 2.200 2.883 0.923 6.161
8 7.300 . 2.600 3.773 2.815 8.976
9 8.100 3.100 5.968 2.387 11.363
9: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.080 1.500 1.500 1.560 1.560
2 2.700 1.550 1.707 0.529 2.089
3 3.220 1.650 2.094 0.544 2.634
4 3.584 1.750 2.464 0.448 3.082
5 4.120 1.850 2.414 0.647 3.729
6 4.600 1.950 2.658 0.638 4.367
7 5.670 2.150 2.854 1.527 5.894
8 7.050 2.450 3.417 2.357 8.251
9 7.800 2.900 5.571 2.089 10.341
7: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.048 1.500 1.500 1.536 1.536
2 2.500 1.550 1.759 0.397 1.933
3 2.900 1.700 2.437 0.487 2.421
4 3.600 1.950 2.754 0.964 3.385
5 4.820 2.000 2.141 1.306 4.690
6 5.600 2.300 3.642 1.420 6.111
7 7.150 2.550 3.299 2.557 8.667
5: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.032 1.500 1.500 1.524 1.524
2 2.770 1.650 2.006 0.740 2.264
3 3.392 1.750 2.139 0.665 2.929
4 5.400 2.200 2.800 2.812 5.741
5 6.304 2.900 5.453 2.465 8.206
6: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.000 1.500 1.500 1.500 1.500
2 2.400 1.550 1.779 0.356 1.856
3 2.850 1.650 2.105 0.474 2.329
4 3.056 1.750 2.787 0.287 2.616
5 4.320 2.600 3.962 2.504 5.121
6 5.744 2.700 2.983 2.124 7.244
7::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.000 1.500 1.500 1.500 1.500
2 2.400 1.550 1.779 0.356 1.856
3 2.700 1.600 1.954 0.293 2.149
4 2.920 1.650 2.172 0.239 2.388








6 3.800 2.175 4.014 0.883 3.839
7 5.000 3.100 5.006 3.004 6.843
7::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.064 1.500 1.500 1.548 1.548
2 2.704 1.600 1.887 0.604 2.152
3 2.960 1.650 2.107 0.270 2.421
4 3.584 1.800 2.386 0.745 3.166
5 4.370 2.150 3.306 1.299 4.465
6 5.760 2.450 3.216 2.235 6.700
7 6.900 2.700 3.714 2.117 8.817
5: :<CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.048 1.500 1.500 1.536 1.536
2 2.480 1.550 1.768 0.382 1.918
3 2.704 1.600 2.075 0.232 2.150
4 2.976 1.650 2.083 0.283 2.433
5 3.888 2.450 4.087 1.864 4.297
5: :iCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.064 1.500 1.500 1.548 1.548
2 2.484 1.550 1.775 0.373 1.921
3 2.800 1.700 2.593 0.410 2.330
4 3.360 2.350 4.323 1.210 3.541
5 4.400 2.550 3.109 1.617 5.158
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.000 1.500 1.500 1.500 1.500
2 2.540 1.550 1.723 0.465 1.965
3 2.800 1.650 2.418 0.314 2.279
4 3.504 2.000 3.013 1.061 3.340
5 4.800 2.800 4.269 2.766 6.106
6: : CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.888 1.500 1.500 1.416 1.416
2 2.408 1.550 1.719 0.447 1.863
3 2.704 1.650 2.308 0.342 2.205
4 3.280 1.850 2.590 0.746 2.951
5 4.500 2.600 3.966 2.420 5.370
6 6.720 3.700 5.267 5.846 11.216
6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC £ KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 2.000 1.500 1.500 1.500 1.500
2 2.600 1.550 1.706 0.512 2.012
3 2.920 1.650 2.307 0.369 2.381
4 3.248 1.800 2.801 0.459 2.840
5 4.100 2.150 3.145 1.340 4.180
6 6.600 3.200 4.411 5.513 9.693
15000 7::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH







2 2.416 1.550 1.737 0.417 1.869
3 2.896 1.650 2.082 0.500 2.368
4 3.400 1.900 2.951 0.744 3.112
5 4.200 2.050 2.592 1.037 4.149
6 4.900 2.350 3.666 1.283 5.432
7 6.496 2.900 4.156 3.317 8.749
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.792 1.500 1.500 1.344 1.344
2 2.064 1.550 1.846 0.251 1.595
3 2.288 1.600 2.003 0.224 1.819
4 2.960 1.750 2.185 0.734 2.553
5 3.600 1.950 2.688 0.860 3.414
6 4.640 2.400 3.541 1.841 5.255
7 5.250 2.700 4.351 1.327 6.582
8 6.240 3.300 5.475 2.710 9.292
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.480 1.500 1.500 1.110 1.110
2 1.890 1.550 1.718 0.352 1.462
3 2.300 1.650 2.049 0.420 1.882
4 2.600 1.750 2.381 0.357 2 .239
5 2.850 1.900 3.050 0.381 2.621
6 3.390 2.300 3.763 1.016 3.637
7 5.360 2.650 3.163 3.115 6.752
8 5.780 3.000 5.851 1.229 7.981
9 7.350 3.400 4.581 3.596 11.577
7: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.392 1.500 1.500 1.044 1.044
2 1.780 1.550 1.717 0.333 1.377
3 2.120 1.650 2.097 0.357 1.734
4 2.432 1.800 2.599 0.405 2 .139
5 3.150 2.550 4.190 1.504 3.643
6 4.250 2.700 3.090 1.699 5.343
7 7.088 3.400 4.237 6.013 11.355
6: -JCDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.360 1.500 1.500 1.020 1.020
2 1.776 1.550 1.703 0.354 1.374
3 2.140 1.650 2.070 0.377 1.751
4 2.400 1.950 3.563 0.463 2.214
5 2.928 2 .600 4.495 1.187 3.401
6 5.552 3.100 3.576 4.692 8.093
5 : :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2K-TIME Vrms Vint THICKNESS DEPTH
1 1.360 1.500 1.500 1.020 1.020
2 1.792 1.550 1.698 0.367 1.387
3 2.192 1.700 2.253 0.451 1.837
4 2.790 2.300 3.753 1.122 2.959
5 5.600 2.600 2.867 4.028 6.988







LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.296 1.500 1.500 0.972 0.972
2 1.950 1.600 1.782 0.583 1.555
3 2.450 1.750 2.241 0.560 2.115
4 3.392 2.050 2.677 1.261 3.376
5 4.320 2.250 2.865 1.329 4.705
6 6.100 2.550 3.162 2.814 7.519
7 7.776 3.100 4.57 4 3.833 11.352
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
.AYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.232 1.500 1.500 0.924 0.924
2 1.808 1.600 1.795 0.517 1.441
3 2.250 1.700 2.059 0.455 1.896
4 2.976 1.950 2.575 0.935 2.831
5 3.800 2.100 2.570 1.059 3.890
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.130 1.500 1.500 0.848 0.848
2 2.208 1.750 1.978 1.066 1.914
3 3.120 1.900 2.222 1.013 2.927
4 4.496 2.150 2.630 1.810 4.737
5 5.040 2.200 2.57 6 0.701 5.437
6 6.630 2.600 3.584 2.849 8.287
7 7.184 3.100 6.612 1.832 10.118
8 7.800 3.200 4.194 1.292 11.410
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 1.056 1.500 1.500 0.792 0.792
2 1.472 1.550 1.670 0.347 1.139
3 2.368 1.750 2.036 0.912 2.052
4 3.312 1.950 2.379 1.123 3.174
5 4.256 2.100 2.558 1.207 4.382
6 5.136 2.200 2.631 1.157 5.539
7 5.952 2.350 3.133 1.278 6.818
8 6.368 2.550 4.530 0.942 7.760
9 7.664 3.200 5.348 3.466 11.226
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.960 1.500 1.500 0.720 0.720
2 1.280 1.550 1.691 0.271 0.991
3 1.980 1.700 1.945 0.681 1.671
4 2.880 1.900 2.279 1.026 2.697
5 3.792 2.100 2. 634 1.201 3.898
6 5.712 2.500 3.144 3.018 6.916
7 6.272 2.900 5.517 1.545 8.461
8 7.350 3.100 4.073 2.196 10.656
12::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
AYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.864 1.500 1.500 0.648 0.648
2 1.008 1.550 1.821 0.131 0.779
3 1.232 1.600 1.808 0.202 0.982






5 1.984 1.750 2.032 0.488 1.722
6 2.800 1.900 2.223 0.907 2.629
7 3.120 2.000 2.723 0.436 3.065
8 3.392 2.050 2.554 0.347 3.412
9 3.920 2.150 2.706 0.714 4.126
10 4.270 2.200 2.697 0.472 4.598
11 5.808 2.600 3.477 2.674 7.272
12 7.100 3.200 5.088 3.287 10.559
11: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.768 1.500 1.500 0.576 0.576
2 0.912 1.550 1.793 0.129 0.705
3 1.360 1.650 1.837 0.411 1.117
4 1.840 1.700 1.834 0.440 1.557
5 2.640 1.900 2,295 0.918 2.475
6 3.088 2.000 2.510 0.562 3.037
7 3.728 2.100 2.527 0.809 3.846
8 5.040 2.450 3.245 2.128 5.974
9 5.540 2.550 3.397 0.849 6.823
10 6.496 2.900 4.412 2.109 8.932
11 7.300 3.200 5.003 2.011 10.943
12: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.704 1.500 1.500 0.528 0.528
2 1.040 1.550 1.650 0.277 0.805
3 1.296 1.650 2.006 0.257 1.062
4 1.680 1.700 1.859 0.357 1.419
5 2.272 1.850 2.221 0.657 2.076
6 2.800 1.950 2.332 0.616 2.692
7 3.296 2.100 2.800 0.694 3.386
8 4.096 2.200 2.571 1.029 4.415
9 5.024 2.500 3.532 1.639 6.054
10 5.520 2.650 3.853 0.956 7.009
11 6.320 3.100 5.241 2.096 9.105
12 7.584 3.600 5.451 3.445 12.550
11::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.624 1.500 1.500 0.468 0.468
2 0.752 1.550 1.774 0.114 0.582
3 1.168 1.650 1.817 0.378 0.959
4 1.648 1.750 1.972 0.473 1.433
5 2.400 1.950 2.329 0.876 2.308
6 3.376 2.150 2.577 1.257 3.566
7 4.416 2.500 3.396 1.766 5.332
8 5.200 2.600 3.104 1.217 6.548
9 5.750 2.900 4.900 1.348 7.896
10 6.336 3.400 6.517 1.909 9.805
11 7.632 3.600 4.450 2.884 12.689
12::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM]
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.432 1.500 1.500 0.324 0.324
2 0.752 1.550 1.615 0.258 0.582
3 1.152 1.700 1.951 0.390 0.973







5 2.220 2.000 2.355 0.862 2.188
6 2.560 2.150 2.947 0.501 2.690
7 3.456 2.350 2.845 1.275 3.964
8 4.200 2.400 2.620 0.975 4.939
9 5.488 2.800 3.824 2.463 7.401
10 6.528 3.400 5.585 2.904 10.305
11 7.584 3.800 5.678 2.998 13.304
12 8.752 4.000 5.112 2.985 16.289
10: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.384 1.500 1.500 0.288 0.288
2 0.704 1.600 1.712 0.274 0.562
3 1.120 1.700 1.857 0.386 0.948
4 1.392 1.800 2.164 0.294 1.242
5 2.064 2.000 2.361 0.793 2.036
6 2.500 2.200 2.969 0.647 2.683
7 2.900 2.350 3.129 0.626 3.309
8 3.296 2.450 3.085 0.611 3.920
9 4.336 2.550 2.844 1.479 5.398
10 5.376 2.700 3.252 1.691 7.089
9: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.326 1.500 1.500 0.245 0.245
2 0.720 1.600 1.678 0.331 0.575
3 1.168 1.750 1.967 0.441 1.016
4 1.456 1.850 2.210 0.318 1.334
5 2.016 2.050 2.496 0.699 2.033
6 3.104 2.350 2.823 1.536 3.568
7 3.504 2.500 3.449 0.690 4.258
8 5.168 2.800 3.345 2.783 7.041
9 6.176 3.300 5.150 2.596 9.637
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.270 1.500 1.500 0.203 0.203
2 0.580 1.600 1.682 0.261 0.463
3 0.900 1.750 1.993 0.319 0 .782
4 2.080 2.100 2.332 1.37 6 2.158
5 3.760 2.500 2. 920 2.453 4.611
6 5.150 2.900 3.775 2.624 7.235
7 5.950 3.200 4.693 1.877 9.112
8 6.700 3.500 5.310 1.991 11.103
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.090 1.500 1.500 0.068 0.068
2 0.500 1.750 1.800 0.369 0.437
3 1.120 1.950 2.097 0.650 1.087
4 1.550 2.150 2.600 0.559 1.646
5 1.750 2.300 3.235 0.323 1.969
6 3.100 2.500 2.738 1.848 3.817
7 3.670 2.700 3.598 1.025 4.842
8 4.700 3.500 5.470 2.817 7.660
6: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)







1 0.090 1.500 1.500 0.068 0.068
2 0.500 1.750 1.800 0.369 0.437
3 0.800 1.850 2.006 0.301 0.737
4 1.000 1.950 2.307 0.231 0.968
5 2.800 2.600 2.899 2.609 3.577
6 3.200 3.100 5.437 1.087 4.664
6: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.080 1.500 1.500 0.060 0.060
2 0.530 1.650 1.675 0.377 0.437
3 0.780 1.850 2.215 0.277 0.714
4 1.370 2.050 2.288 0.675 1.389
5 2.100 2.400 2.947 1.076 2.464
6 2.700 2.800 3.888 1.167 3.631
8: :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.080 1.500 1.500 0.060 0.060
2 0.430 1.700 1.742 0.305 0.365
3 0.800 1.900 2.109 0.390 0 .755
4 1.320 2.100 2.375 0.618 1.373
5 1.950 2.300 2.671 0.841 2.214
6 2.300 2.500 3.406 0.596 2.810
7 2.870 2. 900 4.138 1.179 3.989
8 3.300 3.500 6.155 1.323 5.313
8: :<CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.800 1.850 1.895 0.663 0.738
3 1.200 2.000 2.270 0.454 1.192
4 1.900 2.350 2.852 0.998 2.190
5 2.250 2.550 3.438 0.602 2.792
6 2.770 2. 900 4.082 1.061 3.853
7 3.200 3.400 5. 644 1.213 5.067
8 4.000 3.900 5.460 2.184 7.251
6: :<CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 1.270 2.050 2.090 1.223 1.298
3 1.850 2.300 2.770 0.803 2.101
4 2.720 2.800 3.642 1.584 3.685
5 3.250 3.300 5.152 1.365 5.051
6 3.900 3.800 5. 674 1.844 6.894
7::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.400 1.700 1.762 0.264 0.339
3 0.830 1.850 1.979 0.426 0.765
4 1.100 1.950 2.230 0.301 1.066
5 1.900 2.450 3.005 1.202 2.268
6 2.760 2.900 3.705 1.593 3.861
7 3.230 3.400 5.483 1.288 5.149








LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.800 1.850 1.895 0.663 0.738
3 1.200 2.050 2.401 0.480 1.218
4 1.800 2.300 2.732 0.820 2.038
5 2.020 2.450 3.440 0.378 2.416
6 2.700 2.800 3.647 1.240 3.656
7 3.720 3.800 5.649 2.881 6.537
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.800 1.850 1.895 0.663 0.738
3 1.800 2.300 2.605 1.302 2.040
4 2.450 2.700 3.582 1.164 3.204
5 3.550 3.800 5.510 3.031 6.235
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.700 1.850 1.902 0.571 0.646
3 1.700 2.300 2.569 1.284 1.930
4 2 .600 2.800 3.558 1.601 3.531
5 3.650 4.000 6.017 3.159 6.690
6 : :CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.700 1.800 1.845 0.554 0.629
3 1.100 2.000 2.309 0.462 1.090
4 1.670 2.300 2.789 0.795 1.885
5 2.630 2.800 3.504 1.682 3.567
6 3.600 3.900 5.932 2.877 6.444
6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.520 1.700 1.744 0.366 0.441
3 0.960 1.900 2.112 0.465 0.906
4 1.460 2.200 2.684 0.671 1.577
5 2.100 2.600 3.338 1.068 2.645
6 3.550 3.600 4.684 3.396 6.041
5::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.500 1.650 1. 685 0.337 0.412
3 1.100 1.950 2.168 0.651 1.063
4 1.500 2.200 2.774 0.555 1.617
5 3.550 3.600 4.348 4.456 6.074
6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.400 1.650 1.697 0.255 0.330
3 1.050 1.950 2.114 0.687 1.016
4 1.500 2.300 2.960 0.666 1.682
5 2.550 2.700 3.185 1.672 3.355
205
6 3.550 3.600 5.236 2.618 5.973
27600 6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.080 1.500 1.500 0.060 0.060
2 0.380 1.650 1.688 0.253 0.313
3 1.050 1.950 2.101 0.704 1.017
4 1.500 2.250 2.829 0.637 1.654
5 2.600 2.800 3.410 1.875 3.529
6 3.460 3. 600 5.333 2.293 5.822
28000 6::CDP NUMBER AND NUMBER OF LAYER(UNITS:KM/SEC & KM)
LAYER 2W-TIME Vrms Vint THICKNESS DEPTH
1 0.100 1.500 1.500 0.075 0.075
2 0.400 1. 600 1.632 0.245 0.320
3 0.960 1.900 2.088 0.585 0.904
4 1.450 2.250 2.812 0.689 1.593
5 2.000 2.650 3.491 0.960 2.554
6 2.800 3.500 5.032 2.013 4.566
<END>
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S S f f i[ŷP»ij>\M nfr 4ft*4
K H vfw'J fr v T n jr iu i JC JIC?1 L1) [Cl 11?n  1LLJ J >n r> j
V i i *■. J . t i ' f L ^ a . v f A ' l 11M ’’ r  C r l\ Wt f k h i / i  if’ t!1.'-̂1 M  W t 1




1 Pit & M i l









































































































































































ail,pin iwisy.i sgifg|i-ns iss

























POLRRITT NORMAL - POSITIVE PILL I 16000 nS ■ 4. MS SAMPLE RflfEt
SECOND BVERR6E USING 4 WINDOWS QvER ENTIRE TRRCE INCLUDING ZERO SRMPLfcS
RfIS • 0.I13297E*O9 GRIN - 1.00
OISCO MONITOR VERSION B.fl /0.0




TITLE » CHANGE ????
INPUT FILE r VSTRCNPL.OBT 
SITE * RtlOCO
RP TtPE i iCPUl
OPTIONS i /LIST/NOCHECN/NODUMP/NOMEHChh/HRRN/RPBuNDLE- 0
rrtw i») >» >̂ifr>Jîfcl______
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.i» ftifiiiln rrin« .» ilM '
miF'"
W m w * W H w m » * w ? > ,  .iK tyfit\&  * i  h t i n
«SSRC»
tiuaasmnas
~.i:~~ll~ : --k.AJli..- ,—‘w'-~x ■!",~ji »iv\ni"*?'VJW}
»i P n̂tiy*rirC-' *■ ' »Y»
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srami w ?5S582t5?
  ..*®s?&««^^ "    ~
wssm
_ _ _ _ _   M lS s
vm m
vfw*r
v m y o #


< 7 ,  r v  -
• O  - s .  v  ^  ; »  i  b m , r  « ,  7 *  ; A t ( '  a m i >  * i  v ^ * <  V \ f  *  ^  '**’*'
~ *^.\ I 1* ^'''^


















w m m m m m
mm v m m m . m m m m sm
W O R K
mfteA*.
®iss» k
m m & m m m
m m -i
VlsSr B 'S lr f& a
!®tW'»Tv;S% Ji
■ a w m
'r?~Uryy?W<ttn+**if» S't';
m w m a
W»sS*iSWiWM«;
1L*« Al
■ j l - J C t f f M . - j A V  n









m m m m m
Mr ' V'
(fc., jmp w.  > i m  |M I l » i l  » < » !  tm  i i i 'Ui  i l i »H d i  ^ i l W i l i  b
P § i ^ 5 K l S M
*r£^i »_t..HJ ...









s s r y c a *
s w w a p i & N P s





m m m m .
%
xm & nz
I l D - O L I G O C E W E  ?!










H K W H













CP̂ yyy fiyyyyTp̂'E *» «u.»P>»aiĥt̂vr̂--V*•
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PLEASE NOTE:
Oversize maps and charts are filmed in sections in the following manner:
LEFT TO RIGHT, TOP TO BOTTOM, WITH SMALL OVERLAPS
The following map or chart has been refilmed in its entirety at the end of this dissertation 
(not available on microfiche). A xerographic reproduction has been provided for paper 
copies and is inserted into the inside of the back cover.
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Oversize maps and charts are filmed in sections in the following manner:
LEFT TO RIGHT, TOP TO BOTTOM, WITH SMALL OVERLAPS
The following map or chart has been refilmed in its entirety at the end of this dissertation 
(not available on microfiche). A xerographic reproduction has been provided for paper 
copies and is inserted into the inside of the back cover.
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